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ABSTRACT 
By directly converting sun light to electricity, photovoltaic technology is of 
great importance as part of a sustainable energy solution. Currently the challenge for 
utility scale photovoltaic power generation is the cost – efficiency dilemma. For high 
efficiency cells, made of high quality crystalline semiconductor, their price is high, 
and for low cost cells, such as organic PV, their efficiency is not sufficient. One way 
of reducing the cost is to replace expensive semiconductor material with relatively 
cheaper optics, a solar concentrator, and reduce the size of the active photovoltaic 
cells. The bulkiness of a conventional solar concentrator becomes pricy and 
impractical for certain applications. A micro solar cell array module was thus 
developed to overcome these limitations and provide a cheap and compact solution.  
By miniaturizing the solar cells to produce micro-scale solar cells, several 
advantages can be achieved.  The micro solar cell enables a distributed micro lens 
array to deliver the same benefit of cost reduction as a large concentrator system but 
with a sleeker form factor that allows for easier deployment and integration. In this 
work a micro lens array solar concentrator for micro solar cells is demonstrated and 
achieves a concentration factor of 2.5 while removing the need for solar tracking in a 
single dimension. 
After exploiting an imaging based micro solar cell concentrator, it is desirable 
to achieve light concentration without the need to accurately track the sun, as is 
needed for a lens based concentrator.  The specific method explored was the use of a 
Luminescent solar concentrator (LSC). Traditionally, luminescent concentrators 
suffer from loss of emitted light due to poor wave guiding and self-absorption of 
emitted light by the fluorophore.  Together these effects have limited the possible 
collecting efficiency in LSC structures.  Using a distributed array of micro-solar cells, 
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the wave guiding loss and self-absorption loss can be greatly reduced. Part of this 
work is focused on distributed luminescent solar concentrator for micro solar cell 
array. Organic dye doped polymer LSC was studied and it was shown that the 
distributed system was an effective solar concentrator achieving a maximum 
concentration ratio of 3.2 ×. This system is still limited in the concentration ratio that 
could be achieved as the flux gain saturates at dimensions on the order of a couple 
millimeters. 
To understand the fundamental limitations of the system, a rigorous 3D ray 
tracing model was developed to understand the LSC system and provide design 
guidelines, and predict 3D structure performance as well. Key parameters affecting 
LSC performance were identified and each investigated for their contribution. It is 
found that the matrix absorption loss, including the dye self-absorption and matrix 
host absorption determines the ultimate concentration ratio, and the dye self-
absorption plays a dominant role. By way of geometric ray tracing, it is concluded 
that to achieve higher optical flux gain a large Stokes shift is required, agreeing with 
the previously developed theory according to thermodynamics. 
As called for by theory, modeling and shown from organic dye doped LSC, a 
semiconductor nanocrystal doped LSC was demonstrated. The careful design of these 
quantum materials by our collaborators enabled a large Stokes shift. The results show 
that the photon flux gain increases to large geometric gain, well beyond the situation 
limited by dye self-absorption, and keeps increasing until the matrix absorption limits 
the LSC performance. The drawback is the narrow spectral range the nanocrystals 
absorb, as it only covers 10% of the solar spectrum. This points out to future direction 
of development of other type of such nanocrystals that can be utilized to make a 
multilayered tandem LSC that covers the entire solar spectrum. 
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CHAPTER 1       
INTRODUCTION 
1.1 General Introduction to Photovoltaics (PV) 
The sun is the center of our solar system, continuously radiating 9.5×10
25
 W out into 
the space.   A part of this energy travels to the earth in the form of electromagnetic radiation. 
The spectrum is roughly a blackbody radiation of 6000 K. At the top of the atmosphere, 
where no absorption is present, the spectrum of this incident energy is still roughly a 
blackbody with characteristic lines missing due to absorption from the solar elements. This is 
defined as AM0, namely, air mass 0. This spectrum is shown in Figure 1.1a. As the sun light 
travels through the atmosphere, UV is filtered by the ozone layer on the outer shell of the 
atmosphere.  While traveling through the atmosphere, Rayleigh scattering alters the blue 
portion of the spectrum, with the amount scattered dependent on the total path length through 
the atmosphere which varies on the latitude and time of day.  Atmospheric absorption due to 
greenhouse gases modifies the spectrum further, creating notches in the transmission 
spectrum due to water and CO2 respectively. The solar intensity at midday at the equator is 
1000 W/m
2
 and this spectrum is called AM1. A global average, called AM1.5G, is the 
standard for terrestrial solar energy testing. 
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Figure 1.1 Solar spectrum: (a) Solar spectra: green is blackbody radiation of 
6000K, red is spectrum at top of atmosphere, green is AM1.5 [1] (b) simulated 
AM 1.5G [2] 
While the air mass definition addresses the spectral shape of the sun light, it does not 
specify collimation. Although, to a good approximation sun light can be considered 
collimated light, sun light is actually not strictly parallel, as it is not a point source at infinity. 
In fact, based on the sun-earth distance of 1.5×10
11
 m and diameter of the sun’s photosphere 
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as 1.39×10
9
 m the angular diameter of the solar disk is 31.6′ – 32.7′ viewed at 0 m altitude. 
Other than this divergence, the sun light also is subject to scattering due to clouds and bigger 
particles in the atmosphere. At a typical northern hemisphere continental site with moderate 
clouds in the sky, the diffuse component is about 30% due to scattering, with the 
acknowledgement that weather in Texas is very different from Georgia and this fraction of 
diffuse light can vary greatly. 
In the laboratory, sun light is simulated. The closest simulation is by a Xenon arc 
lamp. This small light source is close to a point source, and it will then be collimated, usually 
by a parabolic mirror. The parabolic mirror focuses the light down to an array of small lenses, 
called an optical integrator, which will then project the light to a 45° mirror and onto the 
testing surface. The resulting light field is uniform across a 4×4 inch area, and with a 4
o
 
divergence. As Xenon lamps have characteristic emission spectral lines, filters are needed to 
more closely approximate blackbody radiation. Airmass filters are then added to simulate to 
the proper atmospheric absorption spectrum. This calls for a set of filters being placed right 
after the optical integrator to tune the Xenon arc lamp spectrum to close to the solar 
spectrum. The simulated AM1.5 spectrum is plotted in Figure 1.1b.  
The testing contained in this work is performed under simulated AM1.5G from an 
Oriel 91002 solar simulator. The light ripple is on the order of 10% across an area of 4”x4”, 
and temporal stability is 2%.  
1.1.1 Introduction to Photovoltaics 
Nature, as well as human society, operates on the currency of energy. Other than the 
fission of instable nuclear elements, geothermal energy, and the tidal energy related to the 
gravitational potential of the earth-moon system, the solar energy that hits the planet earth is 
the main contributor to the energy movement on earth. The water cycle powered by the 
evaporation due to solar heating is the source for hydropower; the non-uniform heating of the 
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atmosphere combined with the water cycle and earth rotation creates wind power, and the 
accumulation of photosynthesis converted energy through geological time scale presented us 
with fossil fuel. While fossil fuel is high in energy density and is available at a low cost of 
exploitation, the reserve is limited and eventually will be exhausted. At the current rate of 
consumption, fossil fuel is projected to deplete in 100 years. Solar energy related energy, 
such as direct insolation, wind and hydropower are truly renewable on the time scale of star 
life time. The largest portion of solar energy is in the form of direct insolation. Biomass 
technology utilizes this energy by converting the solar energy into organic fuel by 
photosynthesis of green plants and then chemical conversion of the resulting biomass such as 
cellulose into small molecular fuel. Although the single process of photosynthesis in green 
plants is highly efficient, the plants needs to spend a lot of that energy for their own life 
maintenance - for example keeping cells alive at night where photosynthesis is stopped - and 
reproduction, this causes the overall biomass energy efficiency to be low. Direct conversion 
of the solar electromagnetic radiation energy into a readily usable chemical form, for example 
solar water splitting, or directly into readily usable electricity should be a more efficient way 
of using sun light to generate usable energy. 
When light is absorbed by a material, certain forms of excitation of the material occur, 
depending on the photon energy and the materials energy structure. If the incident photon 
energy is more than near infra-red, this excitation is largely electronic. At extremely high 
energy, electrons can be excited above vacuum level and the material can emit electrons. At 
wavelengths in the visible range and for materials with an energy gap of a couple eV, 
incident photons will excite electrons into the conduction bands and form excess carriers. 
This is the regime of photovoltaic effect. 
The photovoltaic effect in a material creates spatially separated charges upon 
irradiation and converts electromagnetic energy directly into electric voltage and current, 
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which can drive an external load. A device exhibiting the photovoltaic effect can convert 
incident photon energy into electrical power. Such a device can be used as a detector or 
energy converter. When used for power generation from sun light, it is called a solar cell. In 
general, such a device would require an internal built-in field to separate and direct positive 
and negative charges two separate ways so that there forms the cathode and anode. A 
semiconductor junction can serve such a purpose. 
Chaplin Fuller and Pearson demonstrated the first silicon p-n junction photovoltaic 
cell.  This cell demonstrated 6% efficiency under 60W illumination [3]. There has been a 
plethora of research into p-n junction solar cells ever since. The current-voltage relation of a 
p-n junction solar cell, shown in Figure 1.2 follows a diode equation under carrier injection  
 LI
akT
qV
II −
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








 −= 1exp0  (1-1) 
where 0I is the dark current term and LI is the injected photocurrent by illumination, q is 
carrier charge, V is the zero bias voltage, or the open circuit voltage, kT is the temperature 
related thermal energy, and  is a term coming from the statistics of material energy structure, 
called the ideality factor. The open circuit voltage ocV  and short circuit current scI  are the 
intersections of the IV curve with the voltage axis and the circuit axis, respectively. Power is 
a function of external load and at impedance matched condition a maximum maxP  exists. The 
maximum power is used to calculate the cell efficiency  
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P
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and define a figure of merit fill factor  
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Figure 1.2 Typical IV curve of a p-n junction solar cell 
Shockley and Quesseir calculated the theoretical thermodynamic limit of efficiency 
for a p-n junction solar cell using a detailed balance theory [4].  Without considering any 
material specific parameters, this theory treats a photovoltaic device in analogy to a heat 
engine, and gives the theoretical upper limit allowed within the frame of second law of 
thermodynamics.  In an ideal situation where every process is reversible, the Carnot heat 
engine gives the efficiency of  
 sTT /1−=η  (1-4) 
where T  is the temperature of cold heat sink, which is the temperature of the working 
environment, and sT  is the temperature of heat source.  In the situation of photovoltaic, sT  
would be the temperature of the sun. Due to the fact that not all solar energy can be collected 
on the solar cell, this efficiency limit is far beyond reach. Beyond this hard toll, the existence 
of the energy band gap in the semiconductor material will also lower the fraction of the solar 
radiation available for energy conversion. For the energy that is available for the 
semiconductor material to absorb, the non-reversible requirement requires that there’s no 
resistive loss and no non-radiative recombination. At steady state, detailed balance principles 
require that at each frequency the rate of excitation and irradiative decay exactly balance. 
Under these requirements, and the assumption that all energy larger than the bandgap of the 
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semiconductor material is absorbed, the upper limit of the efficiency is only a function of the 
bandgap energy. The relation of the ultimate efficiency as a function of bandgap is shown in 
Figure 1.3a. The optimum exists at a bandgap of 1.1 eV for 44%. 
 
Figure 1.3 Thermodynamic limit of photovoltaic efficiency (a) Shockley 
Queisser efficiency limit vs bandgap energy[4], (b) Shockley-Queisser limit 
with less than 100% radiative decay and materials actual efficiency 
achieved[5]. 
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1.1.2 PV material  
 In real semiconductor materials, the Shockley-Queisser requirement for a material is 
not possible, but the theory points out the direction to look for good PV material. The 
material should have a high carrier mobility for low resistive loss, be efficient in spontaneous 
emission, and with an energy bandgap close to the optimum. With radiative decay losses not 
100% of all de-excitation channels, the maximum efficiency possible changes, as well as 
optimum bandgap shifts to higher bandgap energy, as shown by Martin Green in Figure 1.3b, 
where the external radiative efficiency (ERE) is calculated with a 1/n
2
 light trapping [5]. 
Different from the Shockley Queisser work, here an AM 1.5G solar spectrum was used rather 
than the 6000K blackbody approximation for the sun. ERE of 1%, 0.01%, 0.0001% and 
0.000001% are shown in addition to the 100% limit. It can be seen that higher radiative 
efficiency is beneficial to the solar conversion efficiency. In one sentence, a good LED 
material makes a good solar cell material. 
State of the art single junction solar cell efficiency for various PV materials are shown 
in Table 1-1. It can be seen that the most efficient solar cell material so far is high quality 
single crystalline GaAs, which also exhibits the highest ERE. Crystalline silicon, has lower 
ERE than GaAs, but is still better performing than the CIGS, CdTe, a-Si and OPV, consistent 
with the ERE arguments.  The latter materials are also hurt by poor material quality which 
reduces carrier mobility, and which is an ongoing challenge for materials engineering. 
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Table 1-1 External radiative efficiency (ERE) and other relevant performance 
parameters at 25 °C for the state‐of‐the‐art devices[5] 
 
1.1.3 Silicon as PV material  
Silicon is the material from which the first solar cell was made. After decades this 
semiconductor is still of high interest for PV purpose. The high material quality available in 
large quantities, thanks to the demand and development from the IC industry, bestowed 
silicon PV the benefit of a high carrier mobility for a large area device. The 1.12 eV energy 
bandgap of crystalline silicon is also very closely located to the detailed balance limit 
optimum, which wen complemented by the high natural abundance of silicon in the earth 
crust seems to make it an ideal PV material 
The culprit, however, is the low radiative efficiency, which stems from the underlying 
energy band structure of silicon and its indirect bandgap, which means that the conduction 
band minimum and valance band maximum does not have the same momentum (k) and thus 
the absorption and emission from band edges requires participation of a phonon. The result of 
this multi-body process is that absorption cross section is low and spontaneous emission rate 
is low. 
The energy conversion efficiency of a particular cell is also related to the specific 
geometry of the solar cell. The indirect bandgap, causes silicon to be a poor absorber of light. 
A thick slab of silicon is needed for the device to be optically thick and absorb all of the 
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incident photons with energies above the bandgap. A thick slab, however, is detrimental to 
the effective collection of photocurrent, as the large bulk provides more opportunity for the 
electron hole pairs to recombine before it reaches the outside circuits. As a result light 
trapping in a thin film of silicon is beneficial not only in terms of conserving the amount of 
semiconductor used but also improving collection efficiency. 
1.1.4 Exceeding the single junction efficiency limit 
The thermodynamic efficiency limit discussed so far is for a particular single junction 
solar cell under 1 sun. This limit, however, can be exceeded if the spectrum that the cell is 
exposed to is altered, or more than one cell is used.  
For a particular solar cell device, the efficiency of utilizing photon energy at different 
wavelengths can vary. The solar cells are not very efficient in using blue photons, as the 
photons get absorbed in the material within a very short distance, even within the layer of 
contact, in which case the photo generated carriers cannot be collected to the outside circuit. 
This is called the blue loss. The solar cells are not very efficient in using long wavelength 
photons either as they have a small absorption cross section and a significant part passes 
through the material without being absorbed. This is called the red loss.  
Multi-junction (MJ) solar cells arranged in a tandem fashion can utilize different parts 
of the solar spectrum with solar cells that are effective for their particular wavelength range. 
Araujo et al [6] calculated the detailed balance limit for an infinite number of MJ cells with a 
continuous energy bandgap and yielded an efficiency of 86.8%. This is the thermodynamic 
limit for MJ solar cells, which does surpass the single junction limit of 34%. The current 
record is 43.5% by a lattice matched MJ [7]. 
Alternatively, if the solar spectrum can be altered by spectral conversion, the 
thermodynamic limit should be redefined for that particular modified spectrum. While energy 
conservation dictates that the shifting can only be down shifted, merely changing the 
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wavelength with 100% or less quantum efficiency, called spectral (down) shifting, does not 
improve this limit, but the solar cell could use the wavelength shifted photon more 
effectively, although still within the Shockley-Queisser limit.  
Conversion of high energy photon into more than one low energy photons, ie., with 
higher than 100% quantum efficiency, can alter the spectral shape available to the solar cell 
and possibly exceed the detailed balance limit. This is called spectral down conversion, and is 
an active research area and the results are so far controversial.  
Wavelength upconversion, ie., combining multiple small energy photons into one 
high energy photon, bears the hope of exceeding the Shockley-Queisser limit as well. The 
problem is that high intensity illumination is necessary as this multi-body problem does not 
have a high cross section. The mechanisms of frequency doubling also tend to be narrow 
band so the enhancement can be very limited. 
1.2 Concentrator photovoltaics (CPV) 
One big drawback of solar power generation is the low energy area density. The solar 
energy covers the entire surface of the earth, so the areal average energy density is small. Plus 
the energy density is also distributed to only 12 hours of insolation per day on average. For 
energy intensive applications, such as driving automotives and pumping laser, light 
concentration is needed. 
For the sophisticated and efficient MJ cells exhibiting high efficiency, it is desired to 
extract as much power as possible from each single device as they are expensive to make and 
it is only worth it if high intensity is incident in it and thus high power output per cell dilutes 
the high cost per cell. The detailed balance theory predicts that under higher flux intensity 
than 1 sun, the solar cell efficiency is higher than that under 1 sun, with a maximum of 40.7% 
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for a single junction solar cell. [6] Thus, to improve the solar cell efficiency, concentrating 
the sun light into smaller area is of interest energetically.  
Solar concentrators can be divided into two categories dependent on if the interaction 
of photons with the material is elastic or inelastic. These two categories are geometric and 
luminescent solar concentrators. The former exploits ray optics and each photon can be 
reflected, refracted or scattered but photon energy does not change. The latter involves 
photon energy change due to interaction with the concentrator material. 
1.2.1 Geometric solar concentrator 
The utilization of a lens to concentrate sun light is straight forward, but the limit of 
imaging solar concentration needs some analytical deduction. When the intensity is 
concentrated, the decrease in area of illumination enables us to not tile expensive solar cells 
everywhere. This decrease in translational entropy must be compensated otherwise somehow, 
and the answer is divergence angle. Regardless of the specific optics, the output after 
concentration is always more divergent than the input, as shown in Figure 1.4 [8]. 
 
 
Figure 1.4 Illustration of concentration accompanied by beam divergence 
increase[8] 
The concentration ratio of a imaging concentration system is 
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where subscript 1 denotes the source and 2 denotes after concentration, I being flux intensity, 
n being refractive index, and θ being beam divergence angle. Consider a best scenario of θ2 
=90°, and the light source being in air, then the limit becomes  
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n
C ≤  (1-6) 
if the receiving aperture, ie., the solar cell is molded inside the lens material or index matched 
with the lens’ refractive index n2. One can engineer the surface of the concentrator so that all 
light, of all angles for diffuse light, incident on the surface can be concentrated on the output 
aperture where a solar cell is located, the maximum concentration ratio simply becomes n2
2
. 
An example of such device is a hemispherical lens with the solar cell being in the center, such 
device does not need tracking. On the other extreme, one can reduce the acceptance angle θ1 
and thus achieve a very high concentration ratio, but such a solar cell with concentrator will 
need very precise tracking. The solar disk subtends a 0.26 – 0.27
o
 angular size, and limits the 
ultimate concentration ratio. With a lens material of n2 =1.5, on a totally cloudless and dust 
free day, the largest solar concentration ratio is 45,000, which if achieved, is brighter than the 
irradiance on the surface of the sun itself. 
1.2.2 Luminescent solar concentrator 
The idea of using fluorescently emitted light confined in a waveguide to concentrate 
on a detector surface was proposed, even before the invention of solar cells, but rather, for 
nuclear scintillator detectors [9, 10]. As solar cells develop and receive more attention, the 
concept of a luminescent solar concentrator (LSC) was proposed based on the similar 
principle to address the low energy area density of solar light for effective electricity 
generation for unit solar cell area in the late 1970s. [11-14] 
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Eli Yablonovitch derived a thermodynamic limit for LSC efficiency using a detailed 
balance principle, and concluded that the maximum concentration ratio for a planar LSC is 
)/exp( kThG f ν∆= ,  where ν∆h  is Stokes shift energy [15]. This guideline at least reveals 
two important points: 1) the LSC can have a very high theoretical concentration if 
engineering difficulties are solved and thus have great potential for improvement and is worth 
intensive research, and 2) fluorophores with a high optical bandgap should be used as the 
Stokes shift is always smaller than the bandgap and thus a large Stokes shift can only be 
achieved if the optical bandgap is large to start with. This is unfortunately a contradicting 
factor for broad band absorption as the solar spectrum is broad band. At ambient temperature, 
for a fluorophore with a Stokes shift of 0.5 eV, the maximum concentration ratio is 4×10
8
, 
and 2,000 for a 0.2 eV fluorophore, without any practical engineering limit. If we 
compromise the concentration ratio to achieve a high absorption efficiency, and choose an IR 
emitting fluorophore that absorbs up to 1,000 nm with Stokes shift of 100 nm and emits at 
1,100 nm, which is well suited for silicon solar cell, the maximum concentration ratio 
becomes 120. 
This theoretical guideline has so far never been approached by within an order of 
magnitude, because there are different loss mechanisms that dissipate the possible 
concentration of the light before it travels to the solar cell. These loss mechanisms include 
fluorescence emission loss (due to non-unity quantum yield of the fluorophore), dye self-
absorption, escape cone loss of isotropic emission, re-emission randomization induced 
secondary escape cone loss, waveguide surface scattering loss, waveguide matrix absorption, 
and coupling loss into solar cell. Debijie et al reviewed the progress of LSC over the last 30 
years, [16] with reported concentration ratios an order of magnitude smaller than the 
thermodynamic limit. There is great space for improvement to LSC. 
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It should be noted that no matter the geometrical concentrator or luminescent 
concentrator, the direction of the light incident on the surface of the solar cell has been 
randomized, compared to the possible normal incidence directly from the sun. In the 
discussion of intensity ratio after and before concentration, only the flux density is considered 
but not the efficiency of the solar cell absorbing these photons. In other words, a solar photon 
reaching the surface of a solar cell is not the end of the story, rather, it is the beginning in 
terms of generating electricity to the outside circuit connected to the solar cell. The reflection 
off of the solar cell surface is a function of incident angle, with normal incidence least 
reflectively lossy. This adds a sine factor to the observable solar cell performance 
enhancement for a blackbody absorber solar cell with Lambertian absorption profile. 
1.3 State of the art of high efficiency solar cells 
NREL publishes an efficiency record chart periodically for all types of solar cells. A 
figure retrieved July 19th 2012 is shown in Figure 1.5. The conventional single silicon cells 
steadily approached an efficiency of 25% and seem to have reached a limit posed by the 
materials property. Under ~ 90 times concentration silicon cell efficiency slightly increased to 
26.7%. GaAs based solar cells are the champion cells of all types, and with the MJ structure 
and with ~ 400x concentration, the efficiency record is 43.5%. Thin film photovoltaic 
technology is taking a steep raise in terms of efficiency over the last couple decades. It is 
worth noting that Si and GaAs can be in the thin-film construction as well, and right now 
their efficiency has not reached their material posed limit. 
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Figure 1.5 NREL record efficiency chart retrieved July 19, 2012 
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1.4 Micro solar cells (µ-cell) 
As the size of the solar cell decreases, bulk recombination loss is reduced, leading to 
increased open circuit voltage and improved energy conversion performance. On the other 
hand, the increased cell surface area subjects the cell to more surface recombination. The net 
effect is the competition between the two factors. By careful engineering of the cell surface 
passivation, the efficiency of micro cells can potentially be higher. From the energy 
conversion efficiency aspect, micro solar cells could be beneficial, acknowledging that the 
energy conversion efficiency might not be optimized, compared to the highest efficiency cells 
on record [7]. 
With the discussion about concentrators, the factor of dimension hasn’t been 
mentioned. Consider a very moderate geometric concentration ratio of 100, even with lossless 
interfaces and concentrator efficiency, the area of the concentrator will have to be at least 100 
times larger than that of the cell. A typical bulk solar cell from a silicon wafer is 4 inch 
square with rounded corner from legacy of ingot cutting. The concentrator aperture will at 
least be 40 inch on one edge. For a geometric concentrator, the working distance of the 
concentration optical element will be on the order similar to that of the lateral dimension. So 
the concentrating optics with the cell will be of the dimension (40 in)
3
. For a concentration 
ratio greater than n
2
, the acceptance angle is small enough to require active tracking of the 
sun. Moving such a concentrator plus solar module assembly would already require a 
significant amount of energy. Take a step further, consider a concentration factor of 1,000 
then, this difficulty becomes even greater. A recent review of solar concentrators [17] shows 
a grandeur of many different types of solar concentrators. 
Miniaturization of solar cells greatly relaxes the size challenge for the concentrators. 
Reduction in solar cell lateral dimension by a factor of 10 will decrease the system size by 3 
orders of magnitude for the CPV system. This only considers system dimension and weight. 
18 
 
For optical elements, the larger it is, the harder it is to fabricate and thus the manufacturing 
cost grows superlinearly with the element’s size and eventually becomes unaffordable. As the 
solar cell itself comprises the majority of PV power generation cost, with more effective 
concentration, the micro solar cells can save semiconductor material for the same energy 
output. In other words, for the same amount of solar cell material used, more power is 
generated. The result is decreased cost of per unit power generated. At least from CPV point 
of view, micro solar cells are desired. 
Crystalline semiconductor materials are usually perceived as rigid and brittle. The 
bending modulus of a slab object is actually dependent on the thickness and scales as 
thickness cubed. For very thin slab, even made of crystalline semiconductor, flexibility is also 
possible [18-30]. Micro solar cells within the flexible regime can access the capability of 
flexible module. Application such as field deployability, fold and easy-transport, or personal 
backpack charger can be envisioned. 
Combining the pros and cons of miniaturizing solar cells, the new opportunities and 
challenges invite investigation of micro solar cells and the concentrators that match. 
1.5 Flexible electronics based on transfer printing 
The technique of transfer printing inorganic electronic devices onto different 
receiving substrate has opened up the opportunity for construction of composite devices that 
bring together the high performance of inorganic electronic material, the processing and 
mechanical flexibility of organic structures, and the capability of non-planar device form 
factors that are outside of conventional IC fabrication. The underlying mechanism is the 
viscoelastic behavior of the poly dimethyl siloxane (PDMS) stamp, as well as the good 
adhesion between a PDMS polymer stamp and the surface of the solid device (later referred 
to as solid ink) to be transfer printed which allows for kinetic control of adhesion and 
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releasing. [31] The strain rate dependent switching between picking up and printing is shown 
in Figure 1.6. 
 
Figure 1.6 Dynamic control of transfer printing: (a) pick up from onto stamp 
(b) printing of ink to receiving substrate (c) dynamic response function as 
printing/release switch[31] 
When the PDMS stamp is brought into a conformal contact with the solid ink surface, 
the viscoelastic nature of PDMS dictates the dynamic response of the stamp G(t) exhibit high 
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modulus value at fast train rate, attainable by pulling the stamp away from the donor substrate 
at a high speed, that can overcome the anchoring force of the solid ink with the substrate and 
be picked up onto the stamp. Then the ink can be brought into contact with the receiving 
substrate, where a slow strain rate, attainable by pulling the stamp slowly away, will allow 
the solid ink be left onto the receiving substrate. 
This level of flexibility in integration of semiconductor device on various substrates 
enables the possiblity of integrating semiconductor micro solar cells with substrates that are 
flexible, transparent, and contain optical structures. 
1.6 Research summary  
This thesis focuses on the micro solar cell and the related optics for imaging and non-
imaging micro solar concentrators. First silicon micro cell fabrication and characterization is 
explored, utilizing a transfer printing technique that incorporates flexible and ultra-thin form 
factor.  Based on this novel geometry, light concentration by a micro lens array is 
demonstrated, using micro molding of a nanoparticle filled silicone epoxy polymer. The 
focus is then shifted to a non-imaging concentrator for micro solar cell array, starting with a 
model system of an organic dye doped polymer planar waveguide. A ray-tracing model was 
developed and validated and can help understand the system and decipher contributions from 
different parameters, based on which optimization is performed. At last a semiconductor 
nanocrystal doped LSC is developed and analyzed. 
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CHAPTER 2   
MICRO SILICON SOLAR CELL ARRAY MODULE WITH MICRO LENS 
CONCENTRATOR 
This chapter focuses on the fabrication of silicon micro solar cells and micro lens 
array concentrator. Part of the text and figures included here are reproduced with 
permission from the previously published paper: Yoon, J; Baca, AJ; Park, SI; Elvikis, 
P; Geddes, JB; Li, LF; Kim, RH; Xiao, JL; Wang, SD ; Kim, TH , Motala, MJ, Ahn, 
BY; Duoss, EB; Lewis, JA; Nuzzo, RG; Ferreira, PM ; Huang, YG; Rockett, A ; 
Rogers, JA, “Ultrathin silicon solar microcells for semitransparent, mechanically 
flexible and microconcentrator module designs”, Nature Mater., 7, 11, p907-915, 
(2008), DOI: 10.1038/nmat2287 , with addition of unpublished results. 
2.1 Background and motivation 
For silicon as a photovoltaic material, the combination of high natural 
abundance, excellent reliability and good efficiency, suggest its continued use in 
production of solar energy, on massive scales, for the foreseeable future. The drive to 
reduce silicon material usage, or lower the impurity requirement has motivated 
investigation into thin film crystalline silicon solar cells, as the reduced dimension 
means reduced bulk recombination loss.[32-37] Reduction in lateral dimension as 
well result in micro solar cells, and recent development in this area has surged in both 
device form factor and efficiency.[38-49]  
 The newly developed ability to preferentially etch out and release from bulk 
wafer single crystalline semiconductor microstructures [50, 51] and the subsequent 
deterministic assembling these devices into functional modules [21-23, 52-54]gave 
the silicon thin film solar cell a new spin: module flexibility and concentrating optics. 
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2.2 Fabrication of micro solar cells and integration into modules 
The micro solar cell under investigation is designed to have a dimension and 
doping profile shown in Figure 2.1. It is a p-i-n cell with back surface field (BSF) 
passivation and both contacts on top surface. 
 
Figure 2.1Single device geometry and doping profile of µ-solar cell 
2.2.1 Process flow 
Single crystalline silicon with (111) orientation was chosen for its preferential 
etching behavior in an alkaline solution. Wafers were p-type, boron doped with a 
resistivity of 10-20 Ohm-cm. The overall process flow is shown in Figure 2.2. 
 
Figure 2.2 Process flow of micro solar cell fabrication from bulk Si 
(111) wafers using deep photolithography, selectively doping, side 
wall protected preferential undercut, transfer printing, planarization, 
metal interconnection. 
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First, a two dimensional pattern, as shown in Figure 2.3, with a silicon ribbon 
geometry was defined onto the surface of a silicon wafer by photolithograph (AZ 
5214 photoresist, 3000 rpm spincoat speed.) Special attention was paid to aligning the 
long axis of the ribbon to be along the (100) crystallographic orientation using a 
SUSS micro contact mask aligner. The wafers were then exposed under a 340 W/m
2
 
flood exposure of mercury light source i-line for 12 seconds followed by developing 
in AZ MIF327 developer. 
 
 
Figure 2.3 Mask set for fabrication process (a)overlaid: white, deep 
RIE etch mask; red, phosphorus doping mask; green, boron doping 
mask; yellow, metal contact etch back mask. (b) magnified of a corner 
of (a), showing under-cut indicators on the right. 
The photolithography was followed by Bosch process, in an inductance 
coupled plasma etching tool (STS ICPRIE) to achieve a deep vertical etch into the 
silicon.  The most commonly used depth was 17 micron. The resulting structure is 
deep silicon trenches with rough side walls due to the etch-passivation Bosch process, 
so a refining step consisting of a 1 minute etch in an alkaline solution of KOH in IPA 
and DI water at 80 
o
C was performed to smooth out the side wall ripples. 
At this point, the wafers are featured with mesa structures 50 microns wide, 17 
microns deep and with 26 microns in between.  p-n junction and contact formation 
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were achieved by subsequent doping. First a layer of 900 nm oxide was deposited by 
plasma enhanced chemical vapor deposition (PECVD) to serve as diffusion barrier.  
Second, a photolithography defined pattern was used to selectively open windows in 
this oxide layer where regions of bare silicon are exposed to a dopant in the thermal 
diffusion furnace. Due to the very large height difference in the ICP RIE etched wafer 
surface (~ 20 micron), a very thick photoresist, AZ4620 was used, at a 1300 rpm spin-
coating speed.   The solvent was allowed to evaporate for 30 minutes at ambient 
temperature, and then with a 5 minutes soft bake at 110 
o
C was performed. Due to the 
high thickness of the photoresist and the geometry, photoresist layers tended to crack 
and thus a two-step annealing of the photoresist film was used. First, immediately 
after being removed from the 110 
o
C hot plate, the wafers were placed on a 45
o
C hot 
plate for 2 minutes, then the hotplate was turned off with the wafers still placed on the 
hotplate for 15 minutes to allow the wafer to slowly cool down to room temperature. 
Then a flood exposure of 340 W/m
2
 was delivered through an aligned boron doping 
mask for 60 seconds, followed by developing in a mixture of 1:3 AZ 400K in water 
for 2 minutes. The wafers were then immersed in a 1:6 buffered oxide etchant (BOE) 
for 90 seconds to etch open oxide windows that were defined by the above 
photolithography. Next, the wafers cleaned in acetone and IPA, to strip off the 
photoresist and prepare for thermal diffusion of boron dopant. A thorough RCA clean 
was performed right before insertion of the wafers into the thermal diffusion furnace. 
Boron doping was achieved via solid state doping with boron nitride as the source 
wafer (BN-1250 from Saint-Gobain ceramics), at 1000
o
C for 30 minutes in an N2 
environment. The p+ contact region is formed during this step. After thermal 
diffusion, surface oxides was striped in 49% HF for 10 seconds, and the surface SiB 
alloy layer is removed by a sequence of RCA 1, BOE etch, RCA 2, BOE etch. Doping 
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results can be checked at this point in the boron doping test window, and a typical 
value is 40 Ohm/square sheet resistance. The same process is repeated with a 
phosphorus doping mask to open phosphorus doping window.  The phosphorus 
doping was achieved in a solid state thermal diffusion furnace with P2O5 in a glass 
matrix as the source wafer (PH-1000), at 1000 
o
C for 10 minutes. The same deglaze 
and Si:P alloy removal was performed as after boron doping. As before, doping result 
can be checked by four point probe in the phosphorus doing window, and a typical 
sheet resistance is 40 Ohm/square. 
After the two steps of doping, the wafer contains micro, silicon mesas with a 
top surface and two side walls doped according to the pattern of the doping mask. A 
600 nm silicon nitride layer is deposited over this mesa structure as an etch barrier in 
an alkaline based preferential etchant (PSE 200 from Transene company, selectively 
etch silicon along (110) over (111) at 200:1 ratio). An Au/Cr film of 5nm/800nm was 
deposited by E-beam evaporation at a 30° angle towards the side wall, from both 
sides. The resulting metal film covered the top and side walls of the mesas but not the 
bottom in between two mesas, and acts as an etch mask to protect the top and side 
walls. Reactive ion etching (RIE) under CF4 40 sccm + O2 4 sccm at 50 mTorr with 
150 W RF power for 13 minutes clears the silicon nitride deposition on the bottom 
and exposed silicon. A subsequent etching in PSE 200 at 90
o
C undercuts the mesa 
structure and forms silicon ribbons suspended on the wafer by the thin anchor points 
on each end. Progress of this undercut process was monitored by etch indicators to 
prevent over-etch. A typical etching time for 50 micron wide ribbons was 12-15 
minutes. The metal film was then removed in an Au etchant and Cr etchant 
sequentially. A thorough RCA clean was then performed. With top and side protected 
by the silicon nitride, and the bottom silicon exposed for each ribbon, the wafer was 
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then placed in a boron thermal diffusion furnace for back surface field (BSF) doping 
for 10 minutes at 1000
o
C. At this point each ribbon is a fully functioning micro solar 
cell. After HF etching of the surface oxide and nitride, the micro solar cells can be 
then picked up by an elastomeric stamp and transfer printed on to a receiving 
substrate.  As shown in figure, the pick-up and transfer printing process does not need 
to be the same as that on the donor wafer.  It can be printed at custom defined 
separation and geometry. 
2.2.2 Transfer printing of micro solar cells from donor wafer to receiving 
substrate 
The elastomeric property of PDMS enables the kinetic control of surface dry 
adhesion and enables pick-up and printing of solid ink. Specific to the micro solar 
cells in this work, the fabricated micro solar cells are held by small Si anchors on 
opposite corners, where stress is concentrated when the micro cell is subject to tension 
perpendicular to the cell.  
For pick up, when the top surface of micro cell is brought in contact with a 
PDMS stamp (Sylgar 194, 10:1 polymer: crosslinker, cured 140 min at 70 
o
C), the 
surface interaction and low modulus of PDMS forms conformal contact with the cell 
surface. When a force is applied quickly to the stamp, pulling away from the solar cell, 
the high strain rate applied on the PDMS lies on the high strain rate plateau of the 
PDMS dynamic response function, yielding a high modulus and small deformation, 
ie., the PDMS behaves like a hard rigid body. This high modulus, combined with the 
large surface adhesion force on the solar cell surface, exerts a large enough force to 
break the anchor points where the stress is concentrated. The picked-up solar cell 
devices are now inked on the PDMS stamp and ready to be printed to the receiving 
substrate. 
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The receiving substrate in this work is either a glass or flexible polymer film 
(PET). To facilitate printing, an adhesion material is used. Two strategies were 
employed: 1) printing into a layer of un-cured polymer, then cure under UV, forming 
printing and planarization at the same time; or 2 use the dynamic response at the low 
strain rate value with the help of an adhesion promoting layer. Specifically, the 
receiving substrate is first coated with an adhesion promotion layer: a thin layer (10 
um) of spin coated NOA 61, partially cured and thus of high cohesive force, then 
brought into contact with the solid ink on the PDMS stamp. Time is allowed (30 
minutes) for surface stress relaxation in the adhesion layer to form a good contact 
with the micro-cell. The stamp is then slowly peeled off, at a rate of low PDMS 
modulus, leaving the solar cells on the receiving substrate. This substrate can then be 
planarized. 
Two methods were used to planarize the module: (1) direct printing into a 
curable polymer layer, and (2) capillary filling of curable polymer planarizer. In 
method (1), a photocurable material, NOA 61, was spin-coated onto the receiving 
substrate at 1500 rpm (corresponding to a ~20 um thickness polymer film), and the 
PDMS stamp with solar cell devices was then brought in contact with the polymer 
layer, followed by UV exposure from the PDMS side of the stamp.  This cross-linked 
the polymer, forming the planarization layer. In method (2), the inked stamp is 
brought into contact with the receiving substrate directly, while the PDMS and 
substrate are in good contact with the solar cell devices the low fill-factor of the solar 
cells resulted in air cavities bounded on the sides by adjacent solar cells, and bounded 
on the top and bottom by the PDMS and substrate respectively.. To fill these cavities, 
a drop of polymer NOA 61 was used placed onto the receiving substrate at the edge of 
the PDMS stamp, and the capillary force directed the polymer to fill in the gap, which 
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typically takes 1 minute for an area of 1 cm
2
. A subsequent UV exposure from the 
PDMS side cures the polymer planarizing the structure. 
The planarized solar cell array on the receiving substrate was interconnected 
via metallization and then etched-back. Specifically, 3 nm of Cr as an adhesion layer, 
followed by 300 nm Au was E-beam evaporated onto the planarized cell array. A 
subsequent photolithography step was performed to define the metal interconnects. 
The unwanted metal was then etched away in Au and Cr etchants respectively, 
leaving only metal lines and contact pads on the module. Polyimide coated copper 
wires of 32 gauge were then silver-epoxied to the contact pads to form the lead. 
2.2.3 Characterization and in process quality control 
2.2.3.1 Doping profile 
The doping concentration can be roughly estimated and monitored during the 
process. Using a four point probe setup, typical sheet resistance after Boron and 
phosphorous doping is 40 Ohm/square. The doping depth profile was measured by 
secondary ion mass spectrometry (SIMS). Dynamic SIMS experiments were 
performed on a Cameca ims 5f instrument. Boron depth profiles were obtained using 
a 12 kV O2+ beam with a current of 100 nA which was rastered over a 50 µm square, 
and positive secondary ions were collected. Phosphorus depth profiles used a 10 kV 
Cs+ beam with a current of 10 nA, which was again rastered over a 50 µm square, and 
negative secondary ions were collected. In all cases, secondary ions were collected on 
an electron multiplier. Ion implanted standards were used to determine relative 
sensitivity factors for each analyzed element in order to derive quantified results. 
SIMS analysis showed a junction depth of around 900 nm. 
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2.2.3.2 Surface morphology analysis 
It is important to understand the surface morphological information of the 
cells because the surface morphology dictates how light will interact with the cells, 
and thus the collection efficiency of the solar cells. 
The top surfaces of the solar cells are optically flat at the end of the process, as 
they start from a polished wafer surface.  With subsequent oxidization, doping, and 
etching in a uniform fashion, the surface material removal is uniform throughout the 
device level. The only time the top surface can be roughened is during the undercut 
step, when the wafer is immersed in a strong etchant for an extended period of time. 
During this process, the top surface is protected by an oxide layer, so unless the 
protection layer is etched through, the top surface remains flat after the whole process. 
Macroscopic unevenness can be observed in different doping regions, as the phosphor 
doped, boron doped and undoped regions have different oxidization levels and thus 
different etch depths in an HF based oxide removal.  This results in a slightly uneven 
top surface. Surface profilometry (Dektek) indicate that the Boron doped region is ~ 
500 nm deeper, and the phosphorus region is ~300 nm deeper, than the undoped 
region, respectively. 
The side surfaces have ripples due to the Bosch process, as shown in Figure 
2.4a. After a KOH solution etching refining, the surface is much smoother, with no 
Bosch ripples. Some roughness still remains in the vertical direction, and stems from 
some irregularity in the first level of photolithography that defined the cells. The 
surface condition of the side walls is not as flat as top surface but still flat on average. 
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Figure 2.4 SEM of cell surfaces: (a) cell side wall before KOH 
refining; (b) side wall after KOH refining, showing also cell top 
surface and cross section profile; (c) cell top surface, Boron doped 
region is of higher contrast. 
It is also noticeable that the doping changes the contrast of the silicon surface 
under SEM imaging. A closer look into the higher brightness boron doped region 
shows micro structures on the order of tens of nanometers, while the lower contrast 
33 
 
region shows no feature under same magnification. For optical purpose this level of 
roughness does not change surface light reflection much.  
The bottom surface of the cells is formed by preferential silicon etching. The 
chemistry used yields a etch selectivity of 500:1, which over a cell width of 50 um, 
the surface height difference is 0.1 micron with a parabolic profile. Figure 2.5 shows 
the surface terraces as a result of this etching step. The height difference from the 
tallest middle ridge to the edge is within 0.5 um, and the roughness remains sub 
optical wavelength for the sake of surface interaction with light. 
 
 
Figure 2.5 AFM image of cell bottom surface after undercut: (a) 3D 
reconstruction of surface height profile, not to scale; (b) 2D intensity 
color map of surface height, atomic terraces visible 
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2.3 Fabrication of micro lens array 
2.3.1 Material selection and preparation 
2.3.1.1 Cylindrical lens array master and fabrication of negative mold 
The cylindrical lens array was NT43-028 purchased from Edmund Optics and 
used as a master for soft lithographic replication. First, a PDMS negative mold was 
made by casting Sylgard 184 at a 10:1 pre-polymer:cross-linker ratio at room 
temperature for two days against the lens array master surface treated with 
tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (no-stick) for easy surface 
relief after casting. A glass backing plate is placed into the cast at the same time to 
help maintain mechanical stability of the negative mold so that stress induced 
distortion in the PDMS negative mold is minimized. The lens array master is then 
mechanically separated and the resulting cross linked PDMS negative mold is surface 
treated with no-stick to be ready for molding the replica. 
2.3.1.2 Filling of silica nanoparticles in silicone epoxy resin 
A composite silicone based epoxy resin filled with silica nanoparticles was 
used for its low shrinkage and thermal expansion coefficients matching silicon[55]. 
The preparation of this composite material is detailed in Kunnavakkam et al[55].  
Briefly, a silicone based epoxy resin was purchased, PCX 28-91B, from Polyset Inc.  
Silica nanoparticles of 8 nm average size in an IPA dispersion at 30 wt% (IPA-ST) 
were received from Nissan Chemical. 3-glycidyloxypropyl trimethoxysilane 
(GLYMO) was purchased from Sigma-Aldrich. To make an epoxy-group surface 
functionalized silica nanoparticle dispersion, into 100 gram IPA-ST, 14 g of GLYMO 
was added and stirred for 2 days at room temperature. The mixture was then purified 
by dialysis in IPA with a cellulose dialysis tube of 5000 Da cut-off for two weeks 
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with the IPA changed daily. The resulting dispersion was 20 wt% silica nanoparticles 
in IPA. The resulting material can be cast in transparent slabs and was characterized 
using a J.A.Woolam ellipsometer to determine the optical constants. 
2.3.1.3 Micro-molding of filled polymer into micro lens array 
Replication of the cylindrical lens array was achieved by molding this above 
mentioned silica nanoparticle filled silicone epoxy into the no-stick surface treated 
PDMS negative mold. Schematic of this process is shown in Figure 2.6. The thickness 
of the replica was determined by a ray-tracing simulation (2.3.2.4) according to the 
measured surface profile and the optical constants of the lens replica material (2.3.2.2) 
so that the flat back surface of the lens array is the focal plane. After curing under UV 
for 1 hour, the lens replica can be retrieved and the PDMS negative mold can be 
reused. 
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Figure 2.6 Fabrication process of micro lens array 
2.3.2 Material characterization 
2.3.2.1 Chemical characterization 
TGA was used to determine nanoparticle surface functionalization coverage as 
well as final loading of nanoparticles in the polymer matrix. A solution of 
functionalized Si nanoparticles in IPA was tested under N2. After the initial mass loss 
due to solvent evaporation, the second mass loss is due to decomposition of GLYMO. 
The analysis shows that the surface coverage is 14mM/m
2
. A sample of the cured 
polymer filled with functionalized nanoparticles was tested under O2. The mass loss is 
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due to the removal of organics leaving only SiO2. The result indicates the percentage 
concentration in the final polymer matrix is 20% wt. 
2.3.2.2 Optical characterization 
The complex refractive index was measured, as shown in Figure 2.7. It can be 
seen that although the nanoparticle loading is as high as 20%, the polymer is still 
optically transparent, showing no particle agglomeration. The refractive index is 
slightly modified to be higher than that of the unfilled polymer. 
 
 
 
Figure 2.7 Refractive indices of the silica nanoparticle filled silicone 
epoxy material after being fully cured: (a) real part of refractive index 
n, fitting to a normal Cauchy dispersion curve (b) k. 
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2.3.2.3 Mechanical characterization 
By filling nanoparticles in the polymer matrix, the mechanical properties of 
the polymer is altered. A tensile strength testing was performed on a dog-bone shaped 
sample of 1 x 5 mm cross section. The measured tensile Young’s modulus is 1.9 GPa. 
For a composite material of filled particles, the tensile strength usually decreases 
while the compression strength increases. Although the compression and bending 
tests were not performed, the tensile strength test shows that the resultant polymer is a 
high modulus yet brittle material. 
2.3.2.4 Surface characterization of molded lens array and modeling 
Lens array replicas were casted from the negative mold for surface analysis. 
As the polymerization induced shrinkage will change the curvature and thus the 
focusing power of the lens replica, an analysis of the surface of the replicated lenses 
was performed. We assumed that the thickness is a weak function of this shrinkage 
induced deformation, by using a thickness of trial mold close to targeted working 
distance the surface of such replica will have similar profile as the target thickness 
replica. The surface profile of a trial replicated lens array is shown in Figure 2.8a. 
A simple Matlab raytracer was developed to simulate the focusing of 
collimated light from infinity through the lens. Optical constants measured from the 
filled polymer material and surface profile of the trial replica was used. The result is 
shown in Figure 2.8b. The focal length was determined to be 2174 um and was used 
as the target thickness of the replica. The final molded lens replica had a radius of 
curvature of 0.83 mm and a focal length of 2.17 mm on the back plane of the lens 
array. The focal spot size is 35 um. This is a good focal size for the silicon micro cells 
in use, as it fills 75% of the cell width creating illumination across the majority of the 
top surface of the cell, yet leaving some engineering leeway for misalignment. 
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Figure 2.8 Lens replica properties: (a) surface profile by profilometer, 
fit to 2
nd
 order polynomial; (b) ray tracing modeling based on (a); (c) 
microscope image of focal point on a semitransparent lens paper; (d) 
line scan of (c). 
2.4 Integration of micro lens array with silicon micro solar cells 
An assembly stage, as inFigure 2.9, was built to facilitate the alignment of the 
micro cells with the micro lens concentrators. 
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Figure 2.9 Assembly stage for micro lens array and micro cell array 
The replicated lens array was placed in contact with the top surface of the 
interconnected solar cell module, whose cell spacing matches that of the lens array 
which is 397 um, for final position adjustment, at which point the lens is still allowed 
to slide on the module surface. Since the lens arrays are magnifying optical elements 
themselves, no additional observing optics were included. Alignment is judged by 
observation of the whole area turning black, watching from far away from the module 
surface, as this is close to the perspective the sun will see the module. Figure 2.10 
shows the aligned and misaligned phenomena where the aligned case shows a nearly 
solid black surface, and the misaligned shows a nearly white surface indicating that 
the incident light is not focused on the absorbing cells After the alignment is adjusted, 
a small amount of filled polymer material can be introduced by capillary force in 
between the cell and the lens array, and then cured to permanently bond the 
concentration lens array onto the module. 
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Figure 2.10 Optical image of alignment indication of microlens array 
on micro cell array: (a) aligned (b) misaligned 
2.5 Results and discussion 
Figure 2.1 schematically illustrates the layout of a representative µ-cell design, 
highlighting the details of the doping profiles. An individual cell (L = 1.55mm) 
consists of phosphorus-doped (Ln+ = 1.4 mm), boron-doped (Lp+ = 0.1mm) and un-
doped (Lp = 0.05mm) regions, respectively. The thicknesses, t, can be selected by 
suitable processing to lie between tens of micron and hundreds of nanometers. The 
boron-doped region on the top of the cell connects to the back-surface field on the 
bottom through doping on the sidewalls, in a manner that enables access to both 
emitter (n+) and base (p+) contacts on the top surface. This configuration greatly 
simplifies the process of electrical interconnection to form modules, by providing 
both contacts on the same side of the device. Surface doping concentrations of n+ 
(phosphorus), p+ (boron) and back-surface field (boron) regions are 1.4×10
20
 cm
−3
, 
1.4×10
20
 cm
−3
 and 5.8×10
19
 cm
−3
, respectively, as measured by SIMS. 
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2.5.1 Single cell performance 
I–V measurements of individual µ-cells and completed modules were made in 
the dark and in a simulated AM 1.5 illumination condition of 1,000 Wm
−2
 at room 
temperature, for solar cells of varying thickness, as shown in Figure 2.11a. Figure 
2.11c shows a representative dark I–V curve recorded from an individual µ-cell under 
forward bias, indicating a diode ideality factor (m) of 1.85 at room temperature. 
Figure 2.11d shows I–V curves from typical µ-cells with and without a backside 
reflector (BSR) under AM 1.5 illumination, evaluated without metal contacts or 
antireflection coatings. Without a BSR, this µ-cell, which has t = 15 µm, shows a 
short-circuit current density, Jsc, of 23.6mA/cm
−2
, an open-circuit voltage, Voc, of 
503mV, a fill factor of 0.61 and an overall solar-energy conversion efficiency of 
7.2%, where the calculations relied on the spatial dimensions of the µ-cells rather than 
the surface area of the p–n junction. The device-to-device variations in properties of 
the µ-cells of 15–20 µm thickness without BSR are typically in the range of 6–8% 
(10–13% with BSR) for efficiency and 450–510mV for Voc. 
In this ultrathin regime, the absorption length of single crystalline Si in the  
NIR and red wavelength regimes is greater than or comparable to t. Surface reflection 
combined with this shortened optical path through the cell results in poor efficiency 
due to poor absorption. As a result, the efficiency can be improved significantly by 
adding structures for light-trapping and/or a BSR to increase the effective path length. 
Although at this thickness Fabry-Perot resonance starts to kick in and photons once 
coupled inside the Si can get trapped rendering the optical path longer than t for 
certain wavelength, and slightly shorter than t for other wavelength, the overall 
enhancement from FP resonance average out to be similar to the ray-optics model due 
to the low finesse of the cavity. 
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The top curve in Figure 2.11d shows the effects of a diffuse white BSR, where 
Jsc and increase to 33.6 mA/cm
2
 (42% increase) and 11.6% (61% increase), 
respectively. The Jsc value without a BSR in Figure 2.11d is close to the theoretical 
maximum of  26 mA/cm
2
 that would be expected on the basis of the solar spectrum 
and absorption coefficient of Si, suggesting that the surface and contact recombination 
in the device was modest under short-circuit conditions. With the BSR, the increase in 
Jsc to 33.6 mA/cm
−2
 is consistent with a 56 µm equivalent thickness (on the basis of 
the required thickness for sufficient absorption of light). The much higher effective 
optical path length shows that the BSR is working well. 
 
Figure 2.11 Single cell performance: (a) SEM cross-sectional image of 
cells of 8, 15 and 30 micron thickness; (b) efficiency as a function of 
cell thickness, (c) modeled cell performance using PC1D; (d) I-V 
characteristic of single cell; (e) single cell I-V performance on a non-
reflective surface and on a diffuse reflective BSR 
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To further examine the dependence of performance on thickness, µ-cells with t 
between 8 and 45 µm were demonstrated. Figure 2.11d shows the results, which 
indicate a sharp increases in efficiency with thickness up to 15 µm, followed by a 
gradual saturation from 20 to 30 µm to a plateau above 40 µm. Increases in efficiency 
with t are due mainly to increased absorption associated with the longer optical path 
lengths. For t above 40 µm, however, the total absorption does not increase 
significantly, though the bulk recombination of minority carriers does. 
The differences between measurement and modeled light absorption is mainly 
due to non-ideal features of the µ-cells (such as edge surface recombination due to un-
passivated surfaces), the qualitative trends are consistent. These observations 
highlight the value of ultrathin (that is, less than 40 µm) cell designs, both in 
optimizing materials usage and in minimizing sensitivity to impurities that can lead to 
trapping of carriers. 
2.5.2 Integrated module performance 
The µ-cell designs and printing techniques enable new opportunities at the 
module level, with performance consistent with that of the individual cells. For 
example, the sequence in Figure 2.2 separates high-temperature processing steps from 
the module substrate. As a result, integration of µ-cells on rollable, plastic sheets, for 
ease of transport and installation, is possible. High levels of bendability can be 
achieved by exploiting optimized mechanical designs. The example shown in Figure 
2.12 involves a composite structure consisting of a planarizing/adhesive layer 
(NOA61; thickness 30 µm), which also serves as the substrate, arrays of µ-cells and 
metal interconnects, and a polymer encapsulation layer (NOA61; thickness 30 µm). 
Spin-coating and then curing this encapsulation layer represents the final step in the 
fabrication sequence. With the design that strategically place the neutral mechanical 
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plane in the middle of the cell, the strain is less than 0.3% even for bend radii less 
than 5 mm, for bending in any direction. The module efficiency (6.0%) and fill factor 
(0.60) remain unchanged. The slightly reduced module efficiency and fill factor 
compared with the individual cell performance can be partially attributed to the 
shadowing effect and resistive losses arising from metal interconnects. 
 
Figure 2.12 Interconnected module (a) optical image of a module of 
132x6  micro cells interconnected (b) I-V performance of 
interconnected module 
2.5.3 Micro solar cell module with concentration optics 
For an interconnected module consisting of cells printed in a sparse array, 
concentrator photovoltaic designs that use integrated micro-optic focusing elements 
for ultrathin-form-factor micro concentrator photovoltaic (µ-CPV) systems can 
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improve the module’s output power. The molded arrays of cylindrical lenses as 
microconcentrator integrated with cell array were with a single-axis tracker. These 
devices use arrays of µ-cells with spacings of 397 µm that match the layouts of the 
low-cost, molded lenticular lens array described in previous sections. The focal length 
is 2.17 mm and the foci are located on the back plane of the lens on top of the cells. 
With collimated light, the widths of the focused lines of light (full-width at 90% 
maximum) were 35 µm, which provides good coverage on the cell top surface while 
still provides engineering leeway for focusing/tracking error on a 50 um wide cell.  
Figure 2.13a shows an optical image and a schematic illustration of such a µ-CPV 
device. In the aligned state, the module seems to incorporate silicon at a nearly full 
areal coverage. When misaligned, however, the system assumes the color of the 
module substrate, and the silicon is invisible. The I–V characteristics of a module with 
and without aligned lens arrays, under AM 1.5D illumination, are shown in Figure 
2.13c. The maximum output power with the lenses is 2.5 times larger than that 
without the lenses. This ratio is somewhat smaller than the expectation on the basis of 
simple estimates considering the 10:1 geometric ratio, owing partly to the relatively 
large size of the light source in the solar simulator (91192-1000W, Oriel) and its close 
proximity to the module. These features result in a degree of collimation that is both 
non-ideal and substantially less than that of sunlight on a scatter free, sunny day. 
However, the small area and ultrathin micro designs presented here can in principle 
lead to consumption of less silicon material than conventional and related micro-
spherical silicon concentrator modules [56]. Owing to the cylindrical geometry of the 
lenses and the bar shapes of the µ-cells, decreases in output power associated with 
angular tilting about the x-axis are minimal, as illustrated in Figure 2.13d. Rotations 
about the y-axis cause dramatic changes, consistent with the nature of the optics and 
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the images shown in Figure 2.10. The periodicity observed in this case results from 
focusing of light on µ-cells from neighboring sets of lenses. As the depth of focus 
tolerance is around 70 um considering the cosine factor of a 397 um period, the two 
neighboring lenses give rise to the same power enhancement, while the further away 
lenses decrease as cosine envelope. 
 
 
Figure 2.13 Inter-connected module with integrated micro lens 
concentrator: (a) optical image of an micro concentrator integrated 
module of 397 micron pitch; (b) schematic of device in (a); (c) module 
performance with and without concentrator; (d) angle dependence of 
concentrator module; (e) ray-trace simulated angle dependence of 
concentrator module 
2.6 Conclusions 
The types of module reported here may create new possibilities for 
monocrystalline silicon photovoltaics, particularly in applications that benefit from 
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thin, lightweight construction, mechanical flexibility, or the unusual optical properties 
of the µ-CPV designs. Advanced monocrystalline silicon cell designs and 
enhancement techniques can also be incorporated for improved performance. 
Although the focus of the strategies presented here is on module capabilities and 
designs, rather than cost or performance, a notable feature of these approaches is that 
the ultrathin cell geometries and, for µ-CPV, the sparse coverage represent efficient 
ways to use silicon. The former aspect can also relax requirements on the purity of the 
silicon. An obvious consequence of these aspects is the potential to reduce the silicon 
component of the module cost. Such reductions are balanced, however, by increased 
processing costs associated with creating and interconnecting the µ-cells. Low-cost 
printing, doping and etching techniques suitable for high-performance µ-cell and 
module fabrication, together with other means to reduce cost or increase performance, 
are, therefore, important areas for further work. One immediate further step is to 
reduce the dependence on solar tracking by a non-imaging solar concentrator. 
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CHAPTER 3  
RAY TRACING OPTICAL MODELING OF MICRO SOLAR CELL ARRAY 
MODULE 
3.1 Motivations and background 
In the previous chapters the concept of a micro solar cell array module with 
integrated micro lens concentrators was demonstrated. While the enhancement from 
the concentration lenses are effective, the stringent need for a tracker with high 
precision reduces the system flexibility and adds to the complexity reducing the cost 
effectiveness and system reliability. However, this limitation may be overcome as the 
flexible nature of micro solar cell arrays have the potential to greatly alter the solar 
landscape by providing novel geometries that are not accessible with traditional bulk 
solar cells. 
The possible complexity in module geometry results in more complex optics 
such as light trapping at the module level.  Additionally such effects may be used to 
optimize the collection efficiency of the cells. The photons incident upon the solar cell 
are not simply normal incidence solar spectrum any more, rather both the direction 
and spectrum can be altered. Optical modeling is needed to understand both the planar 
related light trapping and new possible geometries and concepts made possible by this 
this added layer of freedom. 
One interesting aspect is to explore the micro solar cell geometry with a 
luminescent solar concentrator (LSC) design that suits well and utilize the special 
geometry possibility bestowed by the flexibility of micro solar cell arrays. Instead of 
putting solar cells on the edge of the concentrator and suffering from either dye self-
absorption or a low quantum yield process, the dimension and spacing flexibility of 
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silicon micro solar cells facilitate a novel distributed solar cell array in a fluorescent 
waveguide.  This allows for the solar cells to be placed at the most effective position 
in the fluorescent media and thus circumventing dye self-absorption by reducing the 
length scale the emitted light has to travel through before being absorbed by the solar 
cell.  As this is a dramatically different implementation of LSC compared to the 
traditional bulk device, it is important to understand and optimize the LSC design, by 
deciphering the parameters that contribute to the efficiency enhancement.  From this 
knowledge, optimized LSC structures can be defined.  This approach can also lead to 
further direction even material properties can be limited by practical reason and guide 
materials development. 
Effort in modeling LSC has been continuous since LSC was proposed, 
including very recent simulation work [57]. But in general, these models are for 
hypothetical fluorophore with non-realistic properties and for simple slab geometry, 
or not modeled in 3D[58]. A true 3D model with complex device geometry such as 
the micro solar cell array is needed.  
3.2 Method: modified Monte-Carlo ray tracing method 
To develop an understanding of the important design parameters, a 3D Monte 
Carlo ray tracing method was developed in Matlab to run on a parallel computing 
cluster. The method treats each incident photon as a classical geometric ray.  At the 
scale we are interested in, tens of microns, wave optic effects are negligible.  In 
addition, the solar incident light source is incoherent and so wave effects are 
minimized. The challenge, however, is in the treatment of absorption and fluorescence.  
As commercial, geometric ray tracing software does not emphasize fluorescent 
emission using any of those software packages would require introducing many light 
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sources according to the incident photon distribution.  So our Monte Carlo simulation 
code precisely traces each photon in a fashion similar to traditional ray tracing for 
reflection and refraction, but also allows for absorption and fluorescent emission 
inside the media.  Additionally, instead of doing ray splitting at interfaces, a 
probability is given according to the reflection coefficient to determine if the ray is 
reflected or refracted to reduce the computational cost.  This does not sacrifice 
accuracy, as the ensemble average of these probability reflections is effectively the 
same as ray splitting when the number of rays sampled is large. 
In the regime of ray optics, diffraction and interference are not considered. 
Since the purpose of this study is to understand and optimize solar concentrator 
design each ray is characterized with its starting location, propagation direction, and 
intensity. 
3.2.1 Modeling of ray optics: reflection and refraction 
Reflection off of a smooth surface is modeled using simple law of reflection. 
The field reflection coefficient r is calculated according to (3-1) and (3-2) for 
perpendicular and parallel polarization respectively. 
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The subscript i means incident side and t means transmission side, and θ is the 
angle between the ray and interface norm. The amplitude reflection coefficient is the 
norm squared of the field reflection coefficient, 2|| ss rR =  and 
2|| pp rR = . 
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For a polarization non-specific application such as LSC with isotropic 
fluorophore emitter, the reflection coefficient is calculated as the average of the s and 
p polarizations 
 psavg RRR +=  (3-3) 
The propagation direction after reflection is determined by rotating the 
original direction 180° around the surface normal direction by the incidence angle.  
Refraction is modeled according to Snell’s law. 
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Upon ray incidence onto a surface, a reflection coefficient R is calculated from 
the materials property at the interface, and then a random number is generated and 
compared with R.  If it is greater than R the ray is transmitted and otherwise the ray is 
reflected. For a lossy surface, a loss factor is multiplied to the refracted/reflected ray 
3.2.2 Modeling of absorption 
In ray optics regime, absorption can be modeled as isotropic, uniformly 
distributed absorbers in a transparent matrix, thus Beer’s law is a good approximation. 
For each ray, 
 ( ) oab rroeIrI −−= α  (3-5) 
and for the simulated multi wavelength multi rays, the effect is weighted sum 
according to the solar spectrum 
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 (3-6) 
A laser dye DCM is chosen as the subject of modeling. The simulation method 
was tested and proven accurate by reproducing the DCM dye doped film absorption 
shown in Figure 3.1. For a simple thin slab on a silver reflector in a UV absorbing 
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matrix, the simulated results is in good agreement with a simple double pass optical 
path and agrees with experimental measurements. 
 
Figure 3.1 Simulated absorption spectrum of DCM dye in NOA 61 
polymer matrix over a film of 240 um of 0.1% wt dye concentration 
3.2.3 Modeling of fluorescence emission 
After a photon is absorbed by a fluorophore, the fluorophore molecule is 
excited into a higher energy state, and then relaxes to ground state via a number of de-
excitation channels, emitting a photon with a new random wavelength based on the 
emission profile of the fluorophore, and traveling in a new random direction.  Rather 
than tracing each incident photon, it is possible to create an absorbed photon intensity 
map summarizing a number of incident photons and then use the obtained intensity 
map as a distributed light source map. Subsequent fluorescence emission probability 
and spatial distribution of emitted light can be calculated from this map and thus 
become a function of spatial variables, ie., treating emission to be from an incident 
light field. Leaving the emission wavelength change to the next section, the intensity 
of each fluorescent emission is mathematically characterized by 
 ( ) ( ) η⋅= oo rIrF  (3-7) 
and illumination from fluorescence at position ro, to position r is 
 ( ) ( ) oem rro erIrF −−⋅= αη  (3-8) 
and with distributed emitters at rj, illumination from fluorescence at position r is 
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(3-9) 
The direction of the emitted light ray is randomly distributed through 4π solid 
angle. Although each photon emission is polarized, on average emission is isotropic in 
polarization when the fluorophores are randomly oriented in the media. 
The wavelength of emission is determined by the transition probability of 
excited states to ground state manifolds. The exact behavior is gravened by quantum 
mechanics and can only be predicted if the molecular energy levels are known to 
detail and a transition matrix can then be calculated applying Fermi’s golden rule. 
[59]  This is a route needing a lot of input information and when the matrix changes 
the input have to be determined again. The statistical thernodynamics theory on the 
other hand, does not concern the transition matrix but density of states, and relates the 
emission with absorption[60]. This original Kennard-Stepanov line of theory has been 
developed for specific systems, such as van Roosbroeck-Schockley theory for 
semconductor[61], and variations of them[62]. 
For organic fluorophores as they are not as studied and understood as the 
semiconductors and the density of states changes with environment it is in, it is hard 
to precisely use the right density of state to calculate fluorescence emission and have 
that match the experiment. In this work we are not trying to use a semi-empirical 
model that takes from the exact experimental condition as to be modeled. Frank-
Condon principal is a good approximation to group the states to certain “vibronic” 
levels, and agrees phenomenologically with the experiment pretty well. [63-65] As 
seen in Figure 3.2, as the concentration of DCM in the matrix changes the inter-
molecular interactions between the dye changes and the emission spectrum changes, 
but there exist certain peaks in the emission that does not shift in wavelength but only 
changes in magnitude.  
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Figure 3.2 Emission spectrum as a function of DCM dye concentration 
in NOA 61 matrix 
Take one step further for simplification from the Frank-Condon principle, for 
the simulation in this work, the fluorophore is assumed to have continuous Frank-
Condon (F-C) states of Lorentzian distribution in wavelength. If a photon of energy 
higher is absorbed, the probability of it emitting into a specific wavelength is 
weighted by the fluorescence spectrum. If the photon absorbed has a lower energy 
that it is within the emission energy range, then the emitted photon will have access to 
the F-C states of same or lower energy. The FC state width is given based on an origin 
from thernodynamics, as emitting a photon with redder wavelength means giving up 
heat and vice versa, so a width on the order of kT is reasonable. Give the system an 
initial photon of high energy and let the re-absorption and re-emission happen as 
dictated by the absorption cross section, the re-emission spectrum is shown in Figure 
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3.3 for different FC peak width. A kT peak width is chosen for the further 
simulations. 
 
Figure 3.3 Emission probability as a function of wavelength through 
propagation, at Franck-Condon peak width of (a) kT, (b) 3kT/2, (c) 
kT/2 
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3.2.4 Treatment of fluorescence re-absorption and re-emission 
In a fluorophore doped media, a photon is subject to absorption by the 
fluorphores, if its wavelength is within the absorption range of the doped fluorophore, 
regardless of the origin of the photon being incident light or fluorescence emission. 
This absorption still follows Beer’s law. The probability of a photon being absorbed is 
a function of path though the absorbing media. 
 )exp( drp ⋅= α  (3-10) 
After a photon is absorbed it still has the chance of re-emitting, with a 
probability of equal to the photo luminescent quantum yield (PLQY). Numerically, to 
determine if a photon is re-emitted, a random number is generated and compared with 
PLQY, with smaller than QY value being reemitted, and greater than QY value 
accounts for non-radiative decay. The re-emission is treated as directional and 
polarizational isotropic as well. The energy dispersion is treated the same as in 3.2.3. 
3.3 Results and discussion 
3.3.1 Light absorption in a single silicon microcell 
Silicon material is not a very good light absorber for wavelength longer than 
450 nm, as shown in Figure 3.4 [66], as because of the indirect band gap structure of 
the silicon material. The absorption cross section decreases with longer wavelength. 
As a result, to absorb effectively the central wavelength of the solar spectrum, the slab 
must be on the order of 100 um thick. A typical solar wafer is 180 um. With this 
thickness, a significant portion of the long wavelength light is still passing though the 
wafer without being absorbed. For the micro solar cells in this work, the transmission 
is even greater. 
60 
 
 
Figure 3.4 Silicon absorption coefficient and absorption depth 
The spectral absorption of the solar energy across a typical 15 um micro solar 
cell placed on an ideal reflector is shown in Figure 3.5. It can be seen that around 35% 
of incident light is reflected back to free space on the silicon air interface, and 44% is 
absorbed through the first pass across the 15  um silicon. Of the transmitted light, the 
wavelength has been filtered to above 600 nm at which silicon does not absorb 
effectively so a second pass after reflection can only pick up an additional 5% with 
the rest of the light transmitted emitting back to free space, giving the total absorption 
to be 49%. At 15 um thickness, which is about 100- 150 times that of the wavelength 
in silicon, wave optics will result in Fabry-Parot resonance at some wavelengths and 
enhance the absorption at those wavelengths, but also decreased absorption at other 
wavelengths, leaving the average to be similar to that of the ray optics approximation 
as discussed above. 
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Figure 3.5 Silicon microcell absorption for a cell thickness of 15 
micron on a perfect specular reflector under collimated illumination of 
solar AM1.5G spectrum 
3.3.2 Light trapping due to waveguide effects of planarization layer and back 
side reflectors in micro solar cell arrayed module  
Micro solar cell arrays with an optically transparent planarization layer, as 
shown in Figure 3.6 are more complex in terms of gauging their efficiency, as devices 
like this are very different from conventional flat slab geometry and light trapping and 
utilization from back surface reflected and scattered light contribute to the measured 
cell efficiency. To decipher the contribution from such effect, a rigorous 3D ray 
tracing modeling is performed. To determine the efficiency enhancement, the incident 
solar irradiation onto the cell surface is used as a normalization factor to determine 
how much light flux on the cell is due to light trapping of the module geometry.  
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Figure 3.6 Schematic of micro solar cell array module 
In a 2D array module, the geometric parameters that can contribute to the light 
trapping efficiencies are module size, cell spacing within the module, and the back 
surface reflector albedo. A couple different reflectors are considered: a non-reflecting 
surface made of anodized aluminum, a specular reflector made of silver coated glass, 
and a high reflectance diffuse reflector, Spectralon from Labsphere. 
 
Figure 3.7 Reflectance of anodized Aluminum plate, opal glass (from 
Thoarlab), and Texwipe (TX609, Texwipe) over a silver mirror. 
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As the baseline, a simulation is performed based on the anodized aluminum. 
Cell I-V characterization is also performed on such surface. Although the reflection is 
minimal, it is still reflecting at ~ 5%. According to the simulation, this level of back 
surface reflection gives rise to 7% enhancement in the measured cell photo-current. A 
summary of simulated and experimentally measured photo-current enhancement is 
shown in Figure 3.8. 
 
Figure 3.8 Photon flux enhancement on solar cell surface with an 
undoped polymer planarization layer 
A scattering back surface reflector  is beneficial in the efficiency of the 
module in that light that fall in between the cells can be redirected and then 
transmitting through the planarization layer and eventually onto the cell. The BSR 
used in our experiment is Spectralon reflector which has a very close to Lambertian 
reflection profile, which is used in the simulation. The simulated result is plotted in 
Figure 3.8 against experiment. Due to fact that light that is coupled into the planar 
light guide via specular reflection, it is unlikely to satisfy the TIR criteria for multiple 
reflections.  This causes the guiding to be lossy and thus a range of 500 um is found 
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optimal as the inter-cell spacing.  Larger spacing provides no greater enhancement as 
the light is poorly guided and is transmitted out of the cell. Since our array module is 
much larger than this typical scattering enhancement dimension, the parameter to 
optimize is reduced down to only cell spacing. The model shows good agreement with 
experiment in both the characteristic length scale of the scattering back surface 
element and the absolute enhancement from such optical light trapping.  The 
contribution from light trapping within the planarization layer with a scattering back 
surface reflector is ~ 95%. It is worth noting that the measured cell efficiency 
enhancement is larger than this value, which means that not all enhancement is from 
enhanced optical flux onto the sample, but also how the cell utilizes the photons. It is 
known that the cell efficiency increases under concentration[67, 68], which is the 
main reason for this higher enhancement. Improved electrical contact could be other 
factors for this enhancement beyond optical flux gain. 
Since direct sun light is collimated with a very small divergence due to the 
finite size of the solar disk in the sky, the specular reflector does not contribute much 
to the cell performance except for wavelengths where silicon does not absorb 
strongly. The enhancement comes from the added optical path at the low absorbing 
wavelength range through reflection off of the specular reflector, as shown in Figure 
3.5. 
With diffuse light, however, this enhancement is higher. On average, about 
30% of solar radiation is scattered due to atmospheric affects and dust particles[69]. 
This diffuse component can be modeled as having a )cos(θ distribution relative to the 
ground normal direction. For a rough estimation, consider the solar disk right on the 
zenith of the sky, with the solar cell placed perpendicular to the sun light incidence, 
and a 70% direct and 30% diffuse  components, the enhancement from a transparent 
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waveguide with embedded micro-solar cells with 99% efficient specular silver 
reflector is around 18%. This is also a relatively short range enhancement, as only 
incident light which lands within a distance of 200 um of the cell can contribute to the 
cell output power, as shown in Figure 3.9. 
 
Figure 3.9 Photon flux enhancement on solar cell surface with an 
undoped polymer planarization layer on specular silver mirror, for 
fully collimated illumination of solar spectrum AM1.5G and 70% 
collimated 30% diffuse component of the same spectrum. 
3.3.3 Modeling of a luminescent slab with slit illumination 
To determine the propagation of fluorescently emitted light in a fluorophore 
doped waveguide, a slit excitation experiment was performed. For simplicity and ease 
of comparing with the model, a flat slab waveguide geometry is explored: a DCM dye 
doped NOA file was spin casted onto a silver coated glass substrate, with a 200 um 
window etched into the silver coating layer allowing a 200 um slit of excitation 
window. An LED emitting at 480 is used to excite the window from the bottom and a 
microscope objective of NA 0.95 was used to collect light from the top surface. By 
moving the sample stage, emission intensity and spectra were measured at different 
distances away from the illumination, and collected onto a microscope with a Si CCD 
spectrometer. As the fluorescently emitted light travels along the waveguide, photon 
re-absorption and re-emission will change the spectral distribution and over all 
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intensity of the light that’s propagating in the waveguide. The intensity will be 
attenuated due to losses and spectra will be red-shift the spectra as the fluorescently 
emitted light propagate along the waveguide away from the light source. The 
microscope detects the re-emitted light with an incidence angle onto the top surface 
smaller than the TIR critical angle, at large distance (1mm) away from the light 
source, and the light source scattering plus re-emission at closer distance. 
 
Figure 3.10 Schematic of slit experiment 
3.3.3.1 Propagation distance dependent spectral red-shift 
The simulated spectrum starting from the experimentally measured emission 
spectrum agrees well with experiment. The overall red-shift over the distance of 2000 
um propagation is about 15 nm. As shown in Figure 3.11.  
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Figure 3.11 Propagation distance dependent fluorescent signal redshift: 
(a) experimental waveguide leakage (b) simulated waveguide leakage 
3.3.3.2 Effect of bulk matrix absorption and surface reflection loss 
The loss mechanisms for the fluorescently emitted light in the waveguide 
mainly come from three channels: escape loss due to lower than TIR critical angle, 
matrix absorption loss and surface scattering/absorption loss. The matrix absorption 
loss is a bulk term and the reflection loss is a surface term, and they have different 
contribution to the light attenuation. At shown in , the bulk term is the same for the 
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same propagation distance l, regardless of LSC thickness, while the number of 
reflections of off surface is different. 
 
Figure 3.12 Illustration of light propagation in LSC: from source O to 
detection location D the optical path length is the same for LSC 
thicknesses of h or h’, but number of reflections are different 
First, consider 100% fluorescence quantum yield. The measured intensity vs. 
distance in the slit experiment provides insight into these terms if geometries are 
varied. The non-unity reflection coefficient related surface reflection loss scales as 
R^N, with R being reflectance and N being how many times the light is bounced off 
of the surfaces, and the bulk term is related to the total optical path length. Thus, the 
intensity goes as 
 
 
(3-11) 
and by taking the logarithm 
 
 
(3-12) 
If a plot of logI vs l is generated, the slope of this curve will separately depend 
on bulk term a and the surface terms Rt and Rb. Noting that the inverse of the 
thickness of the slab is in the slope, if the same set of data was taken at a series of 
thickness, the slope of the slope vs 1/h can unambiguously give the value of the 
surface term RbRt. Assuming that the bottom substrate is flat and that a deposition of 
silver does not change this flatness, then the bottom reflection can be determined from 
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simulation averages, and the top surface reflection can be determined when average 
ctan(θ) is calculated from simulation. By fitting the data, a value of Rt=0.9997 can be 
obtained, this is a factor that can be multiplied to the calculated surface reflection 
coefficient for all incidences to account for the scattering loss due to surface 
roughness. 
By integrating intensity across a wavelength range of 530 – 750nm shown in 
Figure 3.11a, and plotting the integrated intensity vs. distance, we can gauge the 
waveguide transmission properties. In the experiment set-up described here, the 
measured light signal is the reemitted light that does not satisfy TIR criteria. Although 
this is not a direct measurement of the waveguide modes that an embedded solar cell 
would see, it is proportional to the waveguide intensity and can be used as a gauge to 
compare with simulation that was setup to produce same signal. Figure 3.13 shows 
experiment vs simulation of the integrated intensity vs. distance. The model and the 
experiment agrees well for all concentrations and different thicknesses with the same 
set of parameters used. 
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Figure 3.13 Detected waveguide leak intensity vs distance away from 
slit illumination for different DCM concentration: (a) c = 0.2%wt; (b) 
c=0.1%wt; (c) c=0.01%wt 
3.3.3.3 Effect of fluorescence re-absorption and re-emission 
The overall photon energy can also be lost due to non-unity quantum yield 
after when emitted light is re-absorbed. With similar analysis, when consider non-
unity fluorescent quantum yield, the intensity vs distance becomes more complex: 
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where ∆ being cell area vs. collection window, ie., solar cell area. It can be seen that 
the value of the propagating light inside the waveguide is dependent on the quantum 
yield, cell area, and matrix absorption, while the slope of this decay in log scale is 
dependent on both surface reflection, which should be the same regardless of PLQY, 
and the matrix bulk loss as well as PLQY. Although in experiment the parameters 
cannot be easily deconvulted, simulation on the other hand, validated by the 
experiment for a particular dye, can be used to decipher influence of different 
parameters that are inaccessible to experimental tuning. The effect of the influence of 
PLQY on intensity is shown in Figure 3.14. It can be seen that a lower PLQY means 
that the propagating intensity drops faster than a high PLQY situation, but the 
characteristic length is unchanged.  After this fast fall off it is the matrix absorption 
which determines how fast the waveguided modes drop in intensity due to loss 
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Figure 3.14 Intensity of LSC leakage as a function of distance between 
slit and detector for varying fluorophore PLQY and matrix absorption 
3.3.4 Flat-slab LSC design optimization 
With a validated model that simulated waveguide leakage and compared well 
with experiment, we can predict the efficiency enhancement due to the enhanced 
photon flux onto a solar cell. As shown in Figure 3.15a, the geometry of the LSC 
solar cell module differs from the slit model system, but the two are related: if one 
integrates the waveguide light intensity, it should give a result for the aperture 
controlled illumination on a cell with one side exposed to LSC enhancement. Figure 
3.15b shows the relationship between the differential intensity from a slit illumination 
and the integrated intensity a cell sees. It can be seen that as the distance of a certain 
area of the LSC gets farther away from the cell, the contribution to the flux on the cell 
diminishes and that simply making the LSC larger does not result in linear increase in 
the photon flux on the cell. This sub-linear increase is a result of waveguide loss, and 
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results in an eventual plateau where and additional increase in the LSC does not 
increase the light incident on the cell as it is all lost in the waveguide. 
 
Figure 3.15 Relationship between differential photon flux and 
integrated photon flux enhancement on cell surface: (a) schematic of 
the geometry for integrated photon flux enhancement from differential 
intensity; (b) numerical values for the differential intensity and 
integrated photon flux enhancement 
3.3.4.1 Spectral enhancement for solar cells 
Under solar illumination, the enhancement as a function of wavelength should 
map to the emission profile. Since the cells are mounted on the top surfaces, the 
fluorophore absorption should not affect the cell absorption if the solar cell itself is 
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optically dense, which is true for the combination of the fluorophore and solar cells. 
Simulated results are shown in Figure 3.16a for a Si micro solar cell array composed 
of 15 um thickness cells embedded in a DCM doped polymer waveguide. The 
measured external quantum efficiency of such device, multiplied by the solar 
spectrum as shown in Figure 3.16c agrees well with the simulation, showing that 
enhancement originate from the wavelength ranges where the fluorophor absorbs. The 
simulated spectrum of light seen by the solar cell shows that the photons absorbed by 
the dye at shorter wavelength is down-shifted to longer wavelength when it reaches 
the cell, and the cell sees an altered incident spectrum with a peak in the fluorophore 
emission peak, as shown in Figure 3.16b. 
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Figure 3.16 Spectral enhancement: (a) simulated spectral photon flux 
enhancement as a function of LSC size; (b) simulated spectral photon 
flux enhancement for AM1.5G incident illumination; (c) experimental 
spectral resolved photocurrent. From measured EQE of silicon micro 
solar cell integrated with LSC, multiplied by a factor to normalize to 
solar illumination 
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3.3.4.2 Fluorescence re-emission free prediction 
Since the re-absorption and re-emission is isotropic and randomizes the 
propagation direction of a photon, for a mode that already satisfies TIR condition, this 
randomization is essentially a constant loss out coupling the otherwise lossless modes. 
This creates a dilemma as high intensity results from high PLQY and has high loss 
due to randomization. But a low PLQY will only make the waveguide lossy due to 
absorption, as shown in Figure 3.14. The only way out of this dilemma is to reduce re-
absorption, and have a high PLQY, which means minimizing the spectral overlap 
between the absorption and fluorescence emission wavelength ranges, ie., a large 
Stokes shift. This provides guidance in the choosing of fluorescent materials for LSC. 
The influence of Stokes shift is shown in Figure 3.17. For the same DCM dye 
absorption spectra and keeping the same emission spectrum line shape but red-
shifting it by 200 nm, the re-absorption and re-emission is artificially turned off. The 
result shows that for a short distance, within 1000um, the increase in flux 
enhancement vs. distance is larger for the increased stokes shift.  Additionally, at 
larger distances, where the small Stokes shift shows sign of plateau, the large Stokes 
shift case remains linear.  This means a constant concentrator efficiency of the LSC 
when the geometric gain is increased. 
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Figure 3.17 Simulated integrated photon flux enhancement vs LSC 
size, for DCM optical constants (black) and DCM fluorescence 
spectrum red shifted by 200 nm. 
One limiting factor for LSC is that due to loss mechanisms the flux 
enhancement stops increasing thus making the LSC bigger does not bring added 
benefit. If a fluorophore material is available with a large Stokes shift as simulated 
here, it is possible to achieve a much higher enhancement LSC by making it larger, if 
other losses can be eliminated. 
3.3.4.3 Back surface reflector choice 
By adding a reflector at the backside of the flat slab LSC, the optical path of 
solar incidence is increased by two fold without the corresponding increase of re-
absorption due to higher concentration, thus it is beneficial to include such a reflector. 
The reflector also gives the fluorescently emitted photon that is not TIR’ed and thus 
transmitted though the sample a higher reflection coefficient reflecting back to the 
slab. The reflection off of a surface is typically not 100%. As a result, the fluorescent 
emitted photons that are already TIR’ed suffers from non-ideal reflection loss. 
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The effect of specular, scattering reflectors, together with free standing film 
and freestanding film on top of reflectors separated with an airgap are shown 
simulated in Figure 3.18a. If a diffuse reflector is used as the bottom surface of the 
slab, the performance of the LSC is greatly reduced as there is constant out coupling 
of the propagating light. A specular reflector with 100% reflectance would work the 
best, however, no physical reflectors can achieve this across the solar spectrum for all 
incidence angles. A typical silver specular reflector simulated here has a reflectance 
of average 96%. With this loss the flux enhancement drops quickly as distance 
becomes large. A free standing film as a 2D waveguide wins out in the long run over 
both a typical specular reflector and a scattering reflector. 
A way to accommodate both types of modes is to incorporate a low refractive 
layer in between the physical non-ideal reflector and the LSC slab, thus without 
rendering the bottom surface non-ideal for TIR, a reflector under the bottom surface is 
still able reflect at a higher R for modes with smaller than critical angles. These 
photons are short range ones, and are only accessible to solar cells within the 
scattering distance, but in a situation of micro solar cell array where the distance a 
photon needs to travel can be comparable to this dimension, a reflector can adds to the 
photon flux enhancement on the cell. 
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Figure 3.18 Simulated waveguided light intensity as a function of 
propagation distance for different back surface reflector type: (a) 
calculated to large scale; (b) magnified graph of (a) at small distance 
3.3.4.4 Effect of fluorophore concentration 
In a non-ideal world where fluorophores do not have a large enough Stokes 
shift to completely separate the absorption and emission spectra, the concentration of 
the fluorophore can affect the re-absorption, as well as how much incident sun light is 
absorbed. Ideally the absorption through the film should be around ~1 to ensure 
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effective utilization of the incident light. With this requirement, changing the 
concentration would be coupled with changing the LSC thickness. It would seem that 
since reabsorption is linear with concentration, low concentration and thus thick LSC 
would reduce number of reflections and for a non-ideal reflector this would reduce 
reflection loss. While this is true, another factor is ignored here: size, or acceptance 
angle of the solar cell. Increasing LSC thickness will reduce the acceptance angle 
subtended by the solar cell and thus more light will pass by the cell and leave the 
system without ever reaching a cell. The overall effect needs to be evaluated with the 
consideration of cell size. To the first order, consider a very thin cell with thickness 
approaching zero, then the only surface open to accept photons is the bottom surface. 
For a fixed film absorption of A=1 and a fixed cell size, on a mirror reflector, LSC 
thickness is varied and the results are shown in Figure 3.19. 
 
 
Figure 3.19 Cell thickness dependence for the same optical density of 
A=1 at DCM peak absorption 475nm, on silver reflector, waveguided 
light intensity vs propagation distance for different LSC thickness 
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It can be seen that for a particular LSC size, or distance of LSC edge to the 
solar cell, the photon flux enhancement is larger for a more concentrated and thinner 
LSC. One would expect that at a very thin LSC the increased surface reflection loss 
from the non-ideal silver reflector on the bottom surface of the LSC would balance 
out the benefit of larger acceptance angle, and an extreme would exist. By exploring 
all the way down to 10 um this extreme is still not realized. If we try to go beyond 10 
um to thinner regime, it is possible to simulate but is not realistic as a 10 um film is 
already pushing the limits to dissolve enough dye in a polymer to achieve an optical 
density of 1. Besides the dye solubility, at very high concentrations, the dye will also 
start showing interaction and they will form aggregates and thus reduced PLQY. So 
for practical purpose, for the dye simulated here, it is recommended that the optimum 
concentration is the highest attainable that still shows non-self-quenched PLQY and 
dissolves well, whichever is smallest. 
3.3.4.5 Influence of cell thickness for embedded micro solar cells: Si vs. GaAs 
Let us now consider cells of finite size that are thinner than or equal to the 
LSC thickness. By picking a cell size of 200 um by 200 um, and LSC of 30 um, and 
still with optical density at A=1, cell thickness can be varied to test the influence of 
the solar cell geometry. For a good absorber, such as GaAs solar cells, the thickness 
needed is on the order of a couple microns, while for silicon solar cells it can be tens 
to hundreds of microns. A large LSC size (or large distance between LSC edge to the 
solar cell on the other edge for the aperture controlled LSC), 4000 um, is simulated, at 
which there are both long range waveguided light and short range direct emitted light 
that can be absorbed by the solar cell. 
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Figure 3.20 cell thickness dependence: for fixed LSC thickness of t=30 
µm and fixed cell lateral size of 200µm, photon flux enhancement cell 
surfaces vs. cell thickness 
As can be seen from Figure 3.20 the fluorescent emitted light that impinges on 
the bottom side of the cell decreases as the cell thickness increases, and reaches zero 
when the cell thickness is the same as the LSC thickness. The light that impinges on 
the sides of the cell increases, in a linear fashion, as the cell thickness increases. By 
simply adding the two together, the overall illumination first decreases, and then 
increases as the cell thickness increases. For a realistic solar cell though, even for bi-
facial devices, the efficiency at which the cell converts photons into electron-hole 
pairs is different for light that’s absorbed through different surfaces, as the cell is 
usually optimized for top illumination, by tuning the junction depth, contact, back 
surface field etc. Giving a weight factor for different cell surfaces can reflect this 
efficiency difference. If the top and side surfaces are given a weight of 1 and the 
bottom a weight of 0.3, meaning the EQE is 30% absorbed through the bottom 
compared to other surfaces, which is a realistic weight factor set for a GaAs cell[70], 
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then the weighted illumination shown in the figure shows a monotonic increase as the 
cell thickness increases. Under this condition the cell with the thickness of the LSC 
receives 4.5 times more enhancement from the LSC than that of a 1 um thick cell. 
3.4 Conclusions 
A quantative ray tracing model is developed to simulate micro solar cell 
distributed in a polymer slab. The effective waveguiding effects on different reflectors 
are investigated.  
For non-doped waveguide formed by planarization of micro solar cell array, 
maximum concentration factor is 1.9, out of which 0.1 from reflection compensating 
for thin silicon incomplete absorption of sun light. This is consistent with 
thermodynamic theory. [71] 
The Luminescent solar concentrator with embedded micro solar cells are 
modeled and optimized for LSC dimension and cell geometry. Loss mechanisms are 
identified and analyzed. Fluorophore self-absorption and re-emission is the biggest 
contributor to the inefficiency of the LSC. Matrix absorption would be the 
determining factor for large geometric gain if fluorophore self-absorption is 
eliminated, but otherwise is insignificant unless the matrix is very high loss, on the 
order of 3dB/mm. For a typical polymeric material or glass, the matrix absorption 
value would be lower. Surface reflection loss is significant if the bottom surface of the 
LSC is roughened for scattering reflection or if a metal is evaporated directly on the 
bottom surface to form the bottom reflector. A free standing LSC with a reflector that 
is separated from the LSC by an airgap is proposed as optimal combination to reduce 
surface reflection loss. A fluorophore with large Stokes shift was suggested as optimal 
for LSC to reduce re-absorption and re-emission losses. The thickness of LSC should 
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be as thin as allowed by fluorophore solubility, with the prerequisite of high enough 
optical density across the thickness of LSC. For the same thickness of LSC, the 
embedded solar cell can receive higher photon flux on its surface if the cell thickness 
is larger, ideally, as thick as the LSC. 
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CHAPTER 4   
LUMINESCENT SOLAR CONCENTRATOR FOR MICRO  SOLAR CELL 
ARRAY MODULES USING ORGANIC DYE 
This chapter focuses on the fabrication and analysis of luminescent solar concentrator 
with embedded micro solar cell array. Part of the text and figures included here are 
reproduced with permission from the previously published paper: Jongseung Yoon*, 
Lanfang Li*, Andrey V. Semichaevsky, Jae Ha Ryu, Harley T. Johnson, Ralph G. 
Nuzzo, John A. Rogers, “Flexible concentrator photovoltaics based on microscale 
silicon solar cells embedded in luminescent waveguides”, Nature Comm., 2, 343, 
(2011), DOI: 10.1038/ncomms1318, with addition of unpublished results 
4.1 Background and motivation 
The idea of concentrating sun light using waveguided fluorescent emission 
was first proposed in the 1970s[11-14]. At an interface between high refractive index 
and low refractive index, Fresnel law predicts that light will be bent towards the high 
refractive index material, and if the incidence angle is shallow enough, all the light 
propagating from the high refractive index material towards the interface will be 
reflected at the interface back into the high refractive index material, this is total 
internal reflection (TIR). Ideally, a slab of high refractive index material can form a 
waveguide if the surrounding media is low refractive index, which is easily achieved 
at the slab/air interface.  In a waveguide with much larger dimensions than the 
wavelength, the incidence angle has to be greater than the TIR critical angle,
( )coreclad nna sin , in order to be waveguided at no loss. If the waveguide has a 
fluorescent component, in an ideal case, incident solar light is absorbed by the 
fluorophores and re-emitted at a longer wavelength which will not be absorbed, but 
rather emitted light into a direction that will undergo total internal reflection at the 
interface between the waveguide and air. 
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Two figures of merit can be used to gauge the effectiveness of LSC: the 
concentration ratio oc IIC /= , Ic is concentrated light intensity and  is before 
concentration, and concentrator efficiency GC
AI
AI
oo
cc /==η , where Ao, Ac is aperture 
before and after concentration, respectively, and geometric gain is defined as 
co AAG /=  . 
Although the upper limit of concentration ratio allowed by thermodynamics 
has been theoretically studied to be very high[15, 72], can be on the order of 10000, 
experimentally this number was never approached, not even close. Reasons are many: 
the waveguiding efficiency is always smaller than unity; re-absorption of emitted light 
occurs: most dyes’ absorption and emission spectrum have an overlap, causing part of 
emitted light be absorbed again, dye fluorescence quantum yield being low; 
waveguide material itself can be absorptive. Early attempts did not achieve high 
concentration ratio or high efficiency.[73, 74] 
While advancements in dye lasers have made available stable and high 
quantum yield organic dyes, self-absorption still remains a problem, especially for a 
large area concentrator.  The biggest problem comes from the self-absorption of the 
dye, which renders the majority of the concentrator area inactive in collecting the 
fluorescent light.  Goldschmidt et al. nicely demonstrated this effect by performing an 
experiment to map out spatially the generated photo current.  The light induced 
current experiment clearly demonstrates that the collection efficiency is the highest 
close to the solar cell. The area farther away from the cell has little to no effect on the 
generation of photo current due to re-absorption of the emitted fluorescence light [75]. 
Currie et al. solved this problem of dye self-absorption by Foster energy 
transfer (FRET) and phosphorescence.[76] Although s
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is a loss of energy initially with choosing a low efficiency FRET process, which is 
equivalent to having a low quantum yield dye. They were able to achieve an EQE of 
30% at single wavelength of 532 nm, and theoretically predicted an energy 
conversion efficiency of 6.8 % with a perfectly matching GaInP solar cell, but not 
demonstrated. A maximum concentration ratio is about 10. 
Besides the low efficiency and concentration ratio, the existence research in 
LSC so far has always been in the space of traditional large plate LSC. With the 
advancement in micro solar cells that can be deterministically assembled into module 
of controlled micro geometry, it is interesting to explore the physics of LSC at size 
scale in accessible from the traditional large plate LSC. To explore the space of micro 
solar cell array and luminescent solar concentrator, an organic fluorescent dye doped 
polymer waveguide was studied. One easy method of implementing such a device 
would be to utilize the existent materials system in the micro solar cell array 
fabrication and incorporate the fluorescent dye. The planarization layer itself can be 
altered into such a waveguide by doping it with a high stability, high quantum yield 
fluorescent dye. The overview of such a module is illustrated in Figure 4.1. 
 
Figure 4.1 Schematic of micro solar cell array module with 
planarization layer acting as a concentrator, with or without dye doping 
in the polymer layer 
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4.2 Experimental 
To achieve the desired LSC geometry with embedded micro solar cells, the 
following fabrication steps are described in this section. 
4.2.1 Doping the polymer with dye 
To make a dye-doped NOA 61 prepolymer solution with Rhodamine 590 BF4, 
a solution of Rhodamine 590 BF4 in Methyl Ethyl Ketone (MEK) at a concentration 
of ~3 mg/g was added to NOA 61. The mixture was agitated while being subject to 
vacuum at room temperature to remove the solvent MEK.  When the majority of the 
solvent had evaporated, a water bath of 50 
o
C was used to ensure complete removal of 
the solvent. 
To make a dye doped NOA prepolymer with [2-[2-[4-(dimethylamino) 
phenyl]ethenyl]-6-methyl-4H- pyran-4-ylidene]-propanedinitrile (DCM): a solution of 
DCM in Ethyl Acetate (EtOAc) at a concentration of ~1 mg/g was added to NOA 61. 
The mixture was agitated while being subject to vacuum at room temperature to 
remove the solvent EtOAc.  When the majority of the solvent has evaporated, a water 
bath of 40 
o
C was used to ensure complete removal of the solvent. 
Other organic dyes tested were first dissolved in a solvent choosing from 
toluene, MEK, and Ethyl Acetate, and then mixed with the NOA 61 prepolymer, then 
following the same recipe to remove solvents. 
4.2.2 Fabrication of dye doped polymer layer of desired thickness 
The film of doped polymer was spin casted, according to an experimentally 
established empirical curve, as shown in Figure 4.2, to achieve target thickness, on a 
glass substrate, and then immediately cured under UV light flood exposure for 30 
minutes. 
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Figure 4.2 Polymer matrix thickness dependence on spin coating 
rotation speed. 
4.2.3 Optical instrumentation 
Absorption, photoluminescence, complex refractive index, and 
photoluminescent quantum yield were measured. Details can be found in section 5.2.4. 
The photoluminescence life time is measured by a custom set up composed of a Ti-
Sapphire laser SpectraPhysics 3900S with femto second pulse width used at second 
harmonic peak with output wavelength tuned to 480 nm and a Pixis100s spectrometer 
from Princeton Instruments/Acton. 
4.2.4 Fabrication of LSC with embedded solar cells 
To transfer print micro solar cells into the waveguide, two strategies were 
used. The first method is direct printing: micro solar cells were picked up onto a 
PDMS stamp and fixed on an XYZ stage facing down; then a film of desired 
thickness was spin coated onto a glass substrate; the inked stamp was then lowered 
gently and uniformly into the polymer film. A UV lamp is brought over the stamp and 
polymer film covered substrate to cure the film with micro solar cells embedded in.  
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The second method is capillary filling: a thin layer of polymer was spun-coated onto 
glass substrate, cured immediately.  Micro solar cells were then picked up onto a 
PDMS stamp and then placed gently onto the thin polymer film covered substrate 
with cells in contact with the polymer.  A drop of polymer solution was them placed 
at the edge of the stamp, allowing capillary force to drive the polymer in between the 
substrate and the stamp around the cells.  When the entire area is covered under the 
stamp, a UV lamp is brought over the stamp to cure the film with micro solar cell 
embedded in.  
4.2.5 Electronic characterization 
The solar cell efficiency was measured under a 91192-1000W solar simulator 
from Oriel with an AM 0 and AM 1.5D filter set. A Keithley 2400 source meter was 
used in voltage source mode to sweep the voltage from -0.5 – 0.6 V and measure the 
current though the probing tips, where the cells are electrically connected. 
4.3 Results 
4.3.1 Selection and characterization of materials 
A transparent optical adhesive polymer NOA 61 was used as the matrix for the 
luminophores.  It was chosen for its high optical transparency, low shrinkage upon 
curing, proper viscosity for spin casting, ease of photocuring under ambient 
atmosphere, and a polarity that can accept many fluorophores. Moreover, as it already 
is used in the fabrication process of micro solar cell array module as the planarization 
layer. The spin casting RPM controls the thickness of doped or non-doped NOA 61 
films. Doping of dye into the polymer does not change the viscosity appreciably to 
affect the spin-casting parameters, if the solvent is removed thoroughly.  
92 
 
A number of high fluorescence organic dyes are investigated as possible 
fluorophore candidates in the LSC. Although our LSC is geared towards micro solar 
cell module featuring small cell dimensions, as a starting point we can borrow existent 
findings in conventional LSC plate material selection rule, and the main criteria in the 
selection is high quantum yield, proper emission wavelength, and large Stokes shift. 
We focused on laser dyes as there have a large spectrum of absorption and emission 
wavelengths, and have high quantum yield with high photo stability. DCM, DCJTB, 
Rubrene, Rhodamine 6G, Rhodamine 700, Styryl 6, Rhodamine 600, Oxazene 750, 
LD 730 are examined. Absorption and photoluminescence spectra of some selected 
dyes are shown in Figure 4.3. 
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Figure 4.3 Spectral properties of candidates fluorophores for LSC: (a) 
normalized absorption spectrum of DCM, Rhodamine590, Styryl, and 
LD700; (b) normalized absorption and emission spectrum of 
Rhodamine 590; (c) normalized absorption and emission spectrum of 
DCM dye. 
The long wavelength emission dyes, such as Styryl and LD700 shown in 
Figure 4.3a, are of benefit in terms of absorbing a larger amount of solar spectrum and 
with emission centers more suitable for coupling to Si or GaAs as the band gap of the 
solar cells are close to these emission wavelengths. The problem, however, is the 
stability of the excited states, as the lower energy associated with such energy levels 
are more susceptible to quenching mechanisms and a low photo luminescence 
quantum yield (PLQY) is often a result. It is also observed that the dye lifetime is 
greatly reduced as well for absorption peak position past 600 nm. Both the observed 
low PLQY, and poor photo stability are consistent with previous report[77].  The 
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short wavelength dyes, DCM, DCJTB, Rhodamine 6G are very stable and with high 
PLQY. Although the wavelength range is not ideal, we can use these materials as a 
model to explore the physics in the non-conventional LSC geared towards micro solar 
cells. DCM being a stable, high QY, large Stokes shift, relatively broad band 
fluorophore, it was selected as the focus for further study to investigate the physics 
and design space. Rhodamine 590 BF4 has a narrow absorption band and a small 
Stokes shift and thus is not ideal for LSC. DCJTB is with very similar absorption and 
emission spectral feature as DCM but is a relatively specialized dye molecule with 
scarce availability and few published literature regarding its properties. With these 
considerations the focus was decided to be on DCM as the fluorophore, with reference 
to Rhodamine 590 BF4 for comparison 
4.3.2 Properties of the selected fluorophores in NOA 
4.3.2.1 Absorption and emission profile and concentration dependence 
The optical properties of the spin casted and cured dye doped NOA film are 
shown in Figure 4.3c.  The data shows that for DCM the fluorescence and emission 
spectra have a small overlap owing to its large Stokes shift.  This results in relatively 
small self-absorption. For the Rhodamine film, as shown in Figure 4.3b,self-
absorption is more pronounced as is seen by the larger area of spectral overlap. It is 
interesting to notice that the two dyes exhibit fluorescent emission in the same 
spectral range making it possible to separate the effects of absorption bandwidth and 
self-absorption, as the conjugate of the dyes will exhibit similar broad band 
absorption as DCM yet a similar self-absorption as Rhodamine. 
In order for the fluorescence emission to have maximal effect, an optimal 
concentration of doped dye must be identified. According to Beer-Lambert law, 
absorption is linearly dependent on concentration of the dye at low concentrations. 
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Above this concentration range, the high number density of the dye molecule per 
volume allows for interaction between the dye molecules resulting in self-quenching 
of fluorescence. The absorbance and single-pass photoluminescence intensity (from 
custom set up with 488 laser excitation) were measured spectroscopically to illustrate 
the effect of concentration induced dye interaction. The results were shown inFigure 
4.4. The range of concentration for further studies is thus determined to be between 0 
– 0.2% where the increase in photoluminescence scales linearly with concentration. 
 
Figure 4.4 Concentration effect of dye doped polymer: (a) DCM dye 
doped polymer absorption and emission intensity vs concentration, 30 
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um solid film; (b) Rhodamine 590 doped polymer absorption and 
emission intensity vs concentration, 30 um solid film. 
4.3.2.2 Photoluminescence quantum yield 
The measured PLQY of DCM different concentrations show that within the 
limit of 0.2%, the PLQY is constant for all excitation wavelengths, as shown in Figure 
4.5, confirming the validity of the concentration range. For Rhodamine 590 it is about 
0.25%. 
 
Figure 4.5 Photo luminescence quantum yield of DCM dye as a 
function of excitation wavelength 
4.3.2.3 Refractive index 
The high absorption of dye created a large refractive index modification in the 
active spectrum ranges of the dyes. The complex refractive index was measured using 
conventional ellipsometry. The data obtained, however, is greatly affected by the thin 
film interference and must be fit to a mode to extract the n and k. Due to the complex 
shape of the of the absorption spectrum and thus k(λ), the fitting of the )(
~
λn  using a 
superposition of Lorentzian oscillators requires many oscillators with each of their 
widths and oscillator strengths as fitting parameters which leads to a high degree of 
uncertainty in the fitting. Thus a more straight forward but non-conventional way of 
measuring the )(
~
λn  is developed. As k(λ) is directly corresponding to absorbance 
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with the relation 0/4 λπα k=  and thus can be directly calculated from the absorption 
of the film measured from the Cary UV-vis spectrometer. n(λ) can be determined  two 
ways:  
Method 1: using Kramers-Kronig relation and calculated from the measured k 
with a background NOA polymer Cauchy dispersion curve which can fit well to the 
un-doped NOA dispersion, as shown in Figure 4.6. 
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Figure 4.6 Refractive index of polymer (0.2wt% dye load) calculated 
from Kramers-Kronig relation using measured absorption spectrum: 
(a) undoped NOA 61 polymer, measured from ellipsometry spectral 
scan (b) DCM doped polymer; (c) Rhodamine 590 doped polymer 
Method 2: use the ellipsometer in scattering mode to measure a doped NOA 
sample in a wedge geometry, as illustrated in Figure 4.7(a). The incidence beam is 
fixed with direction along the surface norm of the incidence surface, and the refracted 
light angular position can be determined by sweeping the detector arm. The measured 
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intensity vs. angle as shown in Figure 4.7 (b) can locate the angle or refraction with 
high accuracy. The measured angle of deflection is then used to calculate n using the 
formula  
 
( )
( ) )cos()sin()sin(2)(sin)(sin)(sin
)(sin)(sin4)(sin)(sin
222
24222
αθαθαα
θαθα
++
+−
= ax nn  (4-1) 
where na is air refractive index, nx is index of the material under investigation, α is the 
wedge angle, and θ is the detection angle. 
 
Figure 4.7 Wedge cell method for measuring refractive index of doped 
polymer: (a) schematic experimental setup, with polymer contained in 
a wedge cell of α apex angle mounted with one edge perpendicular to 
incident beam, and the deflection angle θ is measured; (b) measured 
signal from the setup. 
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The scattering mode measured n(λ)  is shown inFigure 4.8. It can be seen that 
the data is somewhat noisy, and Kramers-Kronig validity is not automatically 
satisfied. Comparing between the two methods, it can be seen that the general shape 
of the dispersion curve in the dye doped samples are the same with both methods, and 
the noise level is higher with the direct angle measurement. Method 2 provides good 
validity check for method 1, and then used in further simulations 
 
Figure 4.8 Optical constants of doped polymer (0.2%wt dye load) 
measured by wedge cell method: (a) DCM dye (b) Rhodamine 590 
4.3.2.4 Fluorescence lifetime 
The fluorescence lifetimes of DCM doped, Rhodamine 690 BF4 doped and the 
mix of the two in NOA polymer films are shown in Figure 4.9. The excited states life 
time is 2.1 ns for DCM and 2.4 ns for Rhodamine 590. The mixture of the two, 
however, has life time of 1.8 ns, a shorter value compared with each of the single dyes 
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by themselves, indicating non-radiative decay due to interaction between the 
fluorophore species.  This suggests that the mixture method is probably not the best 
way to go, as PLQY is directly related to the excited state life a decreased life time 
means quenching compromised quantum yield of the dye. 
 
Figure 4.9 Transient photoluminescence traces of dye doped polymer 
(0.2% wt): (a) DCM dye; (b) Rhodamine 590; (c) mix of DCM 
(0.1%wt) and Rhodamine 590 (0.1%wt) 
Based on this finding, the dye mixture route is not pursued any more. 
Similarly, a multi-layer system with each dye within its own layer is an alternative 
route to achieve the same purpose of covering more absorption spectrum range. This 
could be investigated in the future but is out of the scope of this study. 
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4.3.3 Solar cell performance with integrated LSC 
Figure 4.10 shows features of a representative system. The module consists of 
an array of monocrystalline, ultrathin (10 – 20 µm) silicon µ-cells, conformally 
integrated at the surface of a thin layer doped with luminophores and coated on a 
transparent substrate with a scattering/reflecting element placed on its back surface. 
Key dimensional parameters include the thickness (t) and width (w) of the µ-cells, the 
separation (s) between them, and the thickness of the luminescent layer (h) and 
substrate (h’). Figure 4.10a shows the schematic illustrating the key parameters and 
Figure 4.10b and Figure 4.10c shows example of the a fabricated device. 
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Figure 4.10 DCM doped LSC for micro solar cell array module: (a) 
schematic of device layout; (b) Microscope image of solar cell array in 
embedded in LSC, scale bar 0.5 mm; (c) photo graph of micro solar 
cell array embedded in LSC device, UV illuminated, scale bar 2mm 
4.3.3.1 Study of a model luminescent solar concentrator with a single µ-cell. 
To explore the optics, we first consider a simple model structure that consists 
of a single µ-cell (i.e. t =15 µm, w = 50 µm, h = 24 µm, h’ = 1 mm) implemented in an 
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LSC system with variable illumination area, as illustrated in Figure 4.11a. The 15 µm 
thickness leads to ~50% absorption of light normally incident on the µ-cell in a 
double-pass configuration without antireflection (AR) coatings, averaged over the 
solar spectrum. The 50 µm width enables higher levels of absorption (~67% for cases 
without AR coatings) for light incident on the sides of the µ-cells, in a single pass. 
The 30 µm thick LSC layer absorbs ~97% of normally incident light at a wavelength 
of 477 nm in a double pass, or ~99.9% in a single pass. A metallic aperture (Cr/Au, 
~15 nm/400 nm) allows incident light to expose only a certain area of the LSC 
immediately adjacent to the µ-cell. Electrical contact pads (30 µm x 50 µm) formed 
by photolithography and electron beam evaporation (Cr/Au, ~10 nm/150 nm) exist at 
the end (p+) and middle (n+) of the µ-cell. I-V characteristic for several different 
aperture areas (1.6 mm × d µm, where d is the distance between the edges of the µ-
cell and the aperture) was measured under simulated AM 1.5D illumination at room 
temperature, with a specular reflective BSR. As d increases, the fill factor (FF) 
remains constant (~0.69) and the open circuit voltage (Voc) increases only slightly, 
while the short-circuit current density, (Jsc) increases significantly. These trends are 
all consistent with an increasing total photon flux into the µ-cell. Similar studies with 
non-reflective and diffuse reflective BSRs yield similar types of data. Power output 
was calculated from these I-V response and results of normalized maximum output 
power (Pmax/Pmax,0) extracted from such measurements appear in Figure 4.11b, where 
Pmax is the maximum total output power from the µ-cell, under conditions described 
above, and Pmax,0 is the maximum output power associated with photon flux incident 
only through the top surface of the µ-cell, as approximated by the maximum power 
evaluated at d = 26 µm with a non-reflective BSR. In all cases, the performance 
monotonically increases with d, simply because additional photons are guided to the 
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µ-cell. The rate of increase diminishes with d, due to propagation losses, geometric 
effects and others described subsequently. 
 
Figure 4.11 Single cell model with aperture: (a) schematic 
experimental layout; (b) measured cell power output as a function of 
aperture size. 
Measurements on a device with a diffuse BSR but without DCM (also in 
Figure 4.11b, labeled as diffusive only) show clearly that the µ-cell geometry allows 
effective capture of scattered photons incident on the bottom and sidewall surfaces, 
even without the LSC mechanism. For cases with DCM, Pmax/Pmax,0 asymptotically 
approach saturation values, Psat, at roughly d ~ 0.4 mm = dsat. This length scale is 
compatible with microscale, distributed solar cells, but not with conventional, bulk 
cells of previously reported LSC systems. 
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The data in Figure 4.11provide some useful, qualitative insights. First, when d 
is close to zero, light capture arises mainly from direct illumination of the top surface 
of the µ-cell and from transmitted light that reflects from the BSR and enters back 
through the bottom surface. Consistent with the definitions described above, the non-
reflective case has Pmax/Pmax,0 ~1. The device with diffuse BSR shows Pmax/Pmax,0 
~1.1. In this regime, the corresponding case without DCM exhibits similar behavior, 
as expected due to the small thickness of the LSC material under the µ-cell. The 
specular case corresponds to full, double-pass operation. Here, the value of Pmax/Pmax,0 
~ 1.17, is approximately consistent with the computed ratios of double-pass to single-
pass absorption (without AR coating), i.e. ~50% / ~45% ~ 1.11. (This estimated value 
assumes d = 0 µm, whereas the experiment uses d = 26 µm.) As d increases, 
Pmax/Pmax,0 improves for all device types, due to increases in photon capture via flux 
through the sidewalls and bottoms of the µ-cells, from scattered, reflected and 
waveguided photons, both luminescent and non-luminescent. The non-reflective 
device shows the smallest Psat, consistent with an overall concentration mechanism 
that relies largely on waveguided and reflected photons, most of which are eliminated 
by the non-reflective BSR. The specular system shows higher Psat than an otherwise 
similar device with diffuse BSR, due primarily to favorable effects of the specular 
BSR on waveguiding. 
Numerical modeling was performed to understand contributions from different 
aspects. The details of the mechanics of the modeling can be seen in Chapter 3 and a 
geometry is defined the same as the aperture experiment performed here. 
Overall performance of the LSC depends on the optical density of the polymer 
waveguide, matrix absorption loss, fluorophore quantum yield, backside reflector 
reflection, reflection angular profile, etc. Quantum yield of the dye only changes the 
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final maximum gain value but not the length scale by which the enhancement reaches 
the maximum. Matrix absorption plays an important role on the maximum 
enhancement the LSC can achieve as well as the length scale at which plateau 
enhancement value is reached. By putting the relevant parameters of the experimental 
system to the model, for such an aperture experiment, the enhancement of ~ 1.8, 
which agrees with the experiment, was simulated, with corresponding matrix loss is 3 
dB/mm and a quantum yield of the dye 80%, as shown in Figure 4.12a. 
 
 
Figure 4.12 Simulated results for window experiment, with qe=0.8 and 
3dB/mm matrix, on a silver reflector (a) and scattering reflector (b) 
respectively 
On a scattering reflector as the back side waveguide reflector, the modes are 
continuously coupled out of the TIR waveguide modes, so at short length scale some 
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photons can be directly scattered onto the cell, so the enhancement reaches relatively 
higher value compared to that relying on TIR, but long term enhancement is reduced, 
as shown in Figure 4.12b. 
The experiment and the simulation did not exactly match, in that the simulated 
situation considers ideal specular reflector or ideal Lambertian back reflection profile. 
The results from the experiment have a length scale closer to the scattering 
experiment. One possible reason may be that the surface of the module is roughened 
due to fabrication of the metallic aperture, thus introducing enhanced short range 
efficiency and reduced long range efficiency. The exact condition of the surface is not 
easily quantified. 
4.3.3.2 Performance of luminescent solar concentrator module with µ-cell array 
Based on the understanding established by these experimental and modeling 
results, we considered module-level systems constructed using distributed arrays of µ-
cells, with different spacings (s). Figure 4.13(a) shows a representative device, with s 
= 400 µm. A metallic aperture (12.00×11.83 mm
2
) lithographically defined around the 
perimeter of the each module ensures constant illumination area. Current-voltage 
characteristics evaluated on a single µ-cell near the center of the array in each case 
provided metrics of the module’s performance. A series of such measurements on 
modules, with a range of s values, is presented in Figure 4.13, and is qualitatively 
similar to of the data in Figure 4.11.   The specular BSR shows better performance 
than diffuse or non-reflective BSRs, for similar reasons. The maximum improvement, 
obtained from a 30 um LSC on specular silver mirror is ~320%, which corresponds to 
a situation where more than twice as many photons are indirectly collected through 
the sidewalls and bottom surfaces of the µ-cells than those directly incident on the top. 
The equivalent values of dsat for the array cases (Figure 4.13) are different from those 
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for model systems (Figure 4.11), probably due to different surface condition after 
processing as there was no metal deposition and etch back in the array fabrication. 
Photon flux from both sides of the µ-cells in the arrays leads to values of (Psat - 1) that 
are expected to be, very roughly, two times greater than those for the model system. 
The illuminated areas along the perimeter of the array contribute additional photon 
flux, to create somewhat larger differences; these contributions are most significant 
near s~0, where the gaps between the µ-cells play a less significant role. Optical 
models described previously, but modified to accommodate the array layouts and the 
perimeter areas explicitly, yield values of flux gain that exhibit good agreement with 
experimental data as shown in Figure 4.13(c). 
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Figure 4.13 DCM doped LSC for micro solar cell array: (a) micro 
photograph of array of miro solar cell embedded in LSC of 30 um 
thickness, on a specular reflector, varying inter-cell spacing; 
(b)measured output power enhancemet as a function of LSC size; (c) 
simulated output power enhancemet as a function of LSC size 
4.3.3.3 EQE of luminescent solar concentrator module with µ-cell array 
Spectral resolved enhancement, ie., EQE of the solar cell module integrated 
with LSC gives direct information on where the enhancement comes from 
energetically. Figure 4.14 shows experimentally measured EQE of the module of 
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undoped polymer layer, shown as black, dye doped polymer layer with non-reflective 
back surface, shown as red, and doped polymer layer with a white scattering back 
surface reflector, shown as blue.  It can be seen that the enhancement for the black 
BSR situation comes from the wavelength range the dye is actively absorbing light.  
For the white BSR a large enhancement contribution from the fluorescent peak is also 
clearly visible. Although the solar cell cannot differentiate what wavelength is 
incident on the surface, simulation registering the incident photon energy gives 
information on the spectrum seen by the cell. The top surface sees a normal AM 1.5G 
that’s directly incident on the module, the side walls sees the fluorescently emitted 
light as well as some scattered light if a scattering BSR is used, and the bottom of the 
cell sees a combination of the fluorescent emitted light in addition to the reflected 
remainder of the solar irradiation after it passes through the cell once and reflected 
from the BSR, scattering or specular, in the red-NIR range. Simulation results of the 
spectrum perceived by the cell agree well with the experimentally measured EQE and 
are presented in 3.3.4.1. 
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Figure 4.14 Measured external quantum efficiency of LSC micro solar 
cell module: (a) Rhodamine 590 dye, 0.2%wt dye concentration; 
(b)DCM dye, 0.2%wt concentration. In both cases, black curve 
corresponds to undoped polymer layer placed on non-reflective back 
surface, red curve corresponds to dye doped layer on non-reflective 
back surface, and blue corresponds to dye doped layer on diffusive 
reflector. 
4.3.3.4 Mechanically flexible luminescent concentrator system 
PV systems with these configurations can accommodate a wide range of 
design choices, including challenging cases that require small thicknesses for 
mechanical bendability. To demonstrate this option, we built devices using the 
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optimized designs (s = 400 µm, specular BSR) of Figure 4.13 on thin sheets of 
polyethyleneterephthalate (thickness ~50 µm), and in layouts that implement a top 
coating of PU (~30 µm) to yield a neutral mechanical plane layout[78]. The PU 
reduces the reflection losses at the surface of silicon, and also changes other optical 
characteristics of the structure. Figure 4.15 shows such a module bent on a cylindrical 
support. The array consists of 21 µ-cells interconnected with metal grid lines. The 
total current produced under AM 1.5D illumination, in flat and bent states (two 
different radii of curvature, R), appears in Figure 4.15(b). Due to several differences 
in design, a quantitative comparison against the modules of Figure 4.13 is not 
straightforward. The current densities per cell are  comparable: ~41 mA/cm
2
 for the 
specular BSR system (s = 400 µm) of Figure 4.13, and ~31 mA / cm
2
 for the case of 
Figure 4.15, the latter of which includes Ohmic losses and other adverse effects, 
including µ-cell variability, that reduce the performance. The output power decreases 
when bent, mainly due to the decrease in flux associated with reductions in projected 
area normal to the incident. The short circuit currents measured in these bent states 
decrease to ~83% (R = 6.0 mm) and ~74% (R = 4.5 mm) of values in the flat state. 
The corresponding reductions in the projected areas are 87% and 77% (Figure 4.15c), 
thereby providing an explanation for the observed behavior. 
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Figure 4.15 Performance of a mechanically flexible luminescent solar 
module on a thin sheet of plastic fabricated with 21 um and 400 um 
spacing: (a) Optical image of a representative device bent on a 
cylindrical support (scale bar: 1 mm). (b) Measured total output current 
(I) as a function of voltage (V) under AM 1.5D illumination, in flat 
(red) and bent states (bending radii of 6.0 mm (blue) and 4.5 mm 
(green)). (c) Ratio of measured short circuit currents (I/I0; red) and 
projected areas (a/a0; blue) between bent and flat states as a function of 
bending radius (R), where Io (I) and ao (a) are the short circuit current 
and width of the module along the bending direction in the flat (bent) 
state, respectively. 
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There are benefits and drawbacks of the bent geometry compared with a flat 
slab LSC module. Reflection losses associated with oblique illumination are slightly 
increased. Increased radius of curvature in a waveguide with positive curvature 
always results in more waveguide loss, with smaller radii being lossier, and the 
opposite holds for negative curvature. For a thick cylindrical shell, the inner surface 
naturally would have a smaller radius than the outer surface, so the overall effect is 
more waveguide loss for a bent rather than flat waveguide. In the dimensions in this 
work, the radius of curvature compared to the thickness of the waveguide is very 
small so the performance should be very close to flat geometry, as seen in the 
experiment. There is a slight increase in the efficiency from the scattering component 
of the direct solar irradiation; however, bending can increase the fraction of incident 
photons that are coupled into the collector in the wavelength range that the 
luminophores do not absorb, to provide additional indirect flux into the µ-cells. Since 
these are never waveguided the effect from this component is short range, similar to 
that of a scattering reflector. Additionally, photons incident on the system at oblique 
angles have increased path lengths through the LSC, contributing to slightly more 
efficient luminescent conversion. 
4.4 Discussion 
The collection efficiency of this type of LSC system can be defined by 
considering the output power, the total illumination area (A) of the collector and the 
summed area of the µ-cells (n x A0, where n is the number of µ-cells). For simplicity, 
consider the case of Figure 4.11, where n = 1 and we can write: Pmax= I0 A0 ηcell + 
I0 A  ηcol ηcell. Here, I0 is the intensity of incident solar radiation, ηcol is the optical 
efficiency of the LSC system, and ηcell is power-conversion efficiency of a µ-cell. At d 
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= 200 µm, A = 4  A0 and Pmax = 1.7  I0  A0  ηcell. The collector efficiency is 
therefore 0.7/4 ~17.5%.  
The same definition can be applied to the module of Figure 4.13. To minimize 
edge effects, we consider the collector efficiency only for regions near the center. 
Here, at s = 400 µm the efficiency is approximately 2.2/8 ~27.5% (Pmax = 3.2I0A0ηcell, 
A = 8A0). By similar metrics, conventional LSC systems offer collection efficiencies 
in the range of 4% - 7% [79]. As shown clearly in Figure 4.11 and Figure 4.13, the 
output power saturates with increasing d; this behavior leads to a decrease in ηcol at 
large d. For example, ηcol ~ 0.8/8 = 10% for d = 400 µm; the efficiency is negligible in 
the limit of large d. The total power conversion efficiency is less than that of an 
otherwise similar module but with full area coverage of silicon microcells. The power 
produced by the LSC system is, however, 320% larger than that possible with the 
same microcells but without concentration. 
4.5 Conclusion 
The unusual LSC designs reported here offer improved performance compared 
to conventional layouts, and a variety of engineering options with particular value in 
ultrathin, lightweight, bendable systems. For practical applications that require 
stability under long term exposure to sunlight, inorganic quantum dot luminophores 
might provide attractive alternatives to the organic dyes used here. The computational 
models and underlying concepts are compatible with other, more advanced 
luminophores (e.g. quantum dots), solar cells (e.g. compound semiconductor devices) 
and waveguide structures (e.g. photonic crystals). Multilayer systems with additional 
optical elements and structures for spectral splitting can also be envisioned. The rich 
range of design and materials possibilities suggests multiple paths for optimization. 
117 
 
4.6 References 
[11] Weber WH, Lambe J. "Luminescent Greenhouse Collector for Solar-Radiation". 
Applied Optics. (1976);15:2299-300. 
[12] Goetzberger A, Greubel W. "Solar-Energy Conversion with Fluorescent 
Collectors". Applied Physics. (1977);14:123-39. 
[13] Batchelder JS, Zewail AH, Cole T. "Luminescent Solar Concentrators .1. Theory 
of Operation and Techniques for Performance Evaluation". Applied Optics. 
(1979);18:3090-110. 
[14] Batchelder JS, Zewail AH, Cole T. "Luminescent Solar Concentrators .2. 
Experimental and Theoretical-Analysis of Their Possible Efficiencies". Applied 
Optics. (1981);20:3733-54. 
[15] Yablonovitch E. "Thermodynamics of the Fluorescent Planar Concentrator". 
Journal of the Optical Society of America. (1980);70:1362-3. 
[72] Yablonovitch E. "Statistical Ray Optics". J Opt Soc Am. (1982);72:899-907. 
[73] Gallagher SJ, Norton B, Eames PC. "Quantum Dot Solar Concentrators: 
Electrical Conversion Efficiencies and Comparative Concentrating Factors of 
Fabricated Devices". Solar Energy. (2007);81:813-21. 
[74] Kinderman R, Slooff LH, Burgers AR, Bakker NJ, Buchtemann A, Danz R, et al. 
"I-V Performance and Stability Study of Dyes for Luminescent Plate Concentrators". 
J Sol Energy Eng Trans-ASME. (2007);129:277-82. 
[75] Goldschmidt JC, Peters M, Bosch A, Helmers H, Dimroth F, Glunz SW, et al. 
"Increasing the Efficiency of Fluorescent Concentrator Systems". Solar Energy 
Materials and Solar Cells. (2009);93:176-82. 
[76] Currie MJ, Mapel JK, Heidel TD, Goffri S, Baldo MA. "High-Efficiency Organic 
Solar Concentrators for Photovoltaics". Science. (2008);321:226-8. 
[77] Zastrow A. "Physics and Applications of Fluorescent Concentrators: A Review". 
In: Wittwer V, Granqvist CG, Lampert CM, editors. 1 ed. Freiburg, Federal Republic 
of Germany: SPIE; (1994). p. 534-47. 
[78] Yoon J, Baca AJ, Park S-I, Elvikis P, Geddes JB, III, Li L, et al. "Ultrathin 
Silicon Solar Microcells for Semitransparent, Mechanically Flexible and 
Microconcentrator Module Designs". Nature Materials. (2008);7:907-15. 
[79] Goldschmidt JC, Peters M, Boesch A, Helmers H, Dimroth F, Glunz SW, et al. 
"Increasing the Efficiency of Fluorescent Concentrator Systems". Solar Energy 
Materials and Solar Cells. (2009);93:176-82. 
 
 
118 
 
CHAPTER 5   
LUMINESCENT SOLAR CONCENTRATOR USING SEMICONDUCTOR 
NANOCRYSTAL 
5.1 Background and motivation 
Although organic dye are easy to incorporate into a polymer and form a LSC, 
the harsh condition under solar irradiation poses a challenge to the device lifetime as 
photo-bleaching of organic dye will reduce the performance of the LSC. Inorganic 
materials, on the other hand, would be more stable. Semiconductor nanocrystals could 
be very stable if the surface was well passivated and oxygen is excluded by 
encapsulation into a matrix. They can be highly luminescent as well since due to 
quantum confinement. There have been a number of trials to utilize semiconductor 
quantum dots as the florophore in a LSC; however, the intrinsic nature of the quantum 
dot system exhibits a large overlap between the absorption and emission spectra. Jana  
et al performed a systematic study of the quantum dots LSC using CdSe/CdS core 
shell quantum dots and only obtained a moderate external quantum efficiency[80]. 
The reason is self-absorption. The more the spectra overlap, the more hit it will have 
to take from non-unity fluorescence quantum yield, in addition to waveguide loss due 
to re-emission related randomization and out-coupling of the waveguided modes. 
The synthesis of CdSe/CdS core shell quantum dots in large scale with high 
efficiency at large scale suitable for solar application was greatly improved by the 
successive ion layer adsorption and reaction (SILAR) method[81]. Thanks to the band 
alignment of the two materials, as shown in Figure 5.1, the quantum dots are well 
pacivated. The type I band alignment transports both electron and holes in the 
narrower band core and protects them from surface recombination. Alivisatos et al 
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brought this system and the synthesis to the next level that quantum rod of very high 
Stokes shift is achieved.[81-85] Specifically, the seeded nanorod structure offsets the 
absorption and emission peaks, and the physical contact of the junction enables 
efficient energy transfer from the absorber and emitter without the need to raise the 
concentration to detrimentally high levels. Using method similar to SILAR, the CdSe 
nanoparticle was used as the seed for the subsequent growth of a CdS shell which acts 
as both a passivation layer for the CdSe seed and also as the light absorber that will 
transfer excitons into the seed CdSe core where emission can occur. The growth of 
the CdS layer on the CdSe seed is subject to non-isotropic crystallographic orientation 
dependent growth rate as well as lattice strain so the resultant heterostructure assumes 
a rod shape.  
 
 
Figure 5.1 Band alignment of CdSe/CdS interface, with bulk energy 
values not considering quantum confinement. Bulk CdSe bandgap is 
1.74 eV.[86] 
In collaboration with Naoh Bronstein and Paul Alivisatos, who synthesized 
these CdSe/CdS seeded nanorods, we explored the possibility of using these quantum 
rods as the fluorophore for LSC. The offset band alignment resulted in a large Stokes 
shift and thus a well separated absorption and emission spectra, except for the small 
exciton peak located close to the emission peak just like a typical quantum dot. This 
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greatly reduced self-absorption cross section can not only reduce self-absorption and 
non-unity quantum yield loss, but also decrease waveguide loss from re-emission 
randomization out-coupling. The absorption and emission spectra are shown in Figure 
5.2.  
 
Figure 5.2 Absorption and emission spectrum of CdSe/CdS seeded 
nanorods 
To utilizing functional nano material, it is essential to effectively incorporate 
them into a macroscopic structural LSC. Uniform and scattering free dispersion of the 
quantum rods into a polymer matrix which can be cured and solidified to form a 
designed LSC shape is crucial. Lee et al first incorporated spherical CdS quantum 
dots into a methacrylate polymer which can then be polymerized by thermal 
initiation.[87] With this technique, millimeter sized doped polymer structures can be 
casted. For making the LSC for micro-solar cells, challenges arise from the 
requirement of high optical density over the thin film and casting of structures on the 
order of micron sizes. The high optical density calls for a very high load of quantum 
rods into the polymer matrix, which poses a challenge in stabilizing the  quantum rod 
doped polymer solution before curing, and fast polymerization with low stress upon 
curing. Starting from the Lee technique, a photo-initiated polymerization with 
improved formulation with SAM assisted surface adhesion was developed. The 
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resulting films were characterized and integrated with solar cells and tested for their 
LSC performance 
5.2 Experimental 
5.2.1 Preparation of quantum rods doped monomer solution 
The quantum rods are received as 6×10
-5
 M solutions in anhydrous hexanes 
and used without further treatment. The ligand on the surface is presumably a mixture 
of octadecylphosphonate (ODPA), hexylphosphonate (HPA), the pyrophosphate of 
ODPA with ODPA, the pyrophosphate of HPA with HPA, and the pyrophosphate of 
ODPA and HPA. Lauryl metheacrylate (LMA) and Ethylene Glycol dimethacrylate 
(EGDMA) were purchased from Sigma Aldrich and purified over an inhibitor 
removing column from Sigma Aldrich to remove the DHQ polymerization inhibitor. 
LMA and EGDMA were mixed at a 10:1 ratio. Quantum rods in hexane solution, 
together with TOP 4 vol% was added to the mixture at a ratio calculated to achieve 
the desired optical density, mixed well, and then the solvent was evaporated with a 
rotvap at 40
o
C. The resultant solution is clear and stable at room temperature for an 
extended period of time. 1% photoinitiator Daracure 1173 (Sigma), or thermal 
initiator AIBN (Sigma) was added right before polymerization. 
5.2.2 Polymerization of quantum rod doped monomer solution into flat film on 
quartz substrate 
Quartz substrates were used as templates and thickness control for the doped 
polymer film formation. The top substrate was treated with tridecafluoro-1,1,2,2-
tetrahydrooctyl-1-trichlorosilane (no-stick) (Gelest, Inc) vapor to form a SAM of 
fluorinated polymer brush layer to facilitate release, and the bottom substrate was 
treated with 3-(Trimethoxysilyl)propyl methacrylate (better-stick) (Sigma) vapor to 
122 
 
promote adhesion of the film onto the substrate. The top and bottom substrate were 
brought together using SPI glass beads spacers (typical size 30 um) and clamped 
down using paper clips. Quantum rods monomers were capillary filled into the cavity. 
The assembly was placed under UV lamp (UVP B-100AP) for 20 minutes under inert 
atmosphere (glove box under Argon) for photo-cure or into a 70 
o
C vacuum oven for 
2 hours for thermal cure. For photo cured samples, a 30 minutes post cure annealing 
at 100 
o
C is performed before separation of the quartz plates. The photocure setup is 
shown in Figure 5.3. 
 
Figure 5.3 Photocure assembly and light source arrangement 
5.2.3 Fabrication of LSC integrated with Si micro solar cell module 
A micro solar cell array transfer printed onto a quartz substrate with a 10 um 
layer NOA61 (Norland) partially cured adhesion layer was first UVO plasma 
activated and then immediately brought into ‘better-stick’ vapor for 1 hour. 30 um 
spacer glass beads (SPI, LLC) were sparsely sprinkled onto the substrate void of solar 
cells. A 10 um PDMS coated quartz substrate was then laminated on top of the printed 
cell module with PDMS facing down to form a conformal contact with the cell top 
surface. The assembly was then secured with paper clips. The solution of quantum 
rods in monomer was then capillary-filled into the cavity along the longitudinal 
123 
 
direction of the cells. The assembly was then placed under a UV lamp under inert 
atmosphere, and cured for 20 minutes with side flipping every 5 minutes. The device 
was then annealed at 100
o 
C for 30 minutes. The top PDMS coated substrate was then 
relieved, leaving the top surface of the solar cells exposed and polymer was filled in 
between the cells. 
5.2.4 Hi-resolution transmission electron microscopy (HRTEM) 
Samples for (S)TEM analysis were prepared by scraping a small amount of the 
polymer-nanorod composite from a glass slide and depositing it onto a conventional, 
holey carbon coated, Cu TEM grid (SPI Supplies). Electron microscopy images were 
acquired using a JEOL 2010F. Because the atomic number of the nanorods is high 
relative to the encapsulating polymer matrix, STEM mode was used since it allows for 
the nanorods to be easily distinguished from the polymer even in relatively thick 
regions. 
5.2.5 Optical instrumentation 
5.2.5.1 Absorption and Fluorescent emission spectra 
Film absorption is characterized by a Cary 5G UV-Vis spectrometer, as well 
as a Cary 5000 with an integration sphere accessory, using two-beam mode with 
baseline subtraction. The fluorescent emission spectrum was measured on a Horiba 
Fluoromax fluorometer. 
5.2.5.2 Photo-luminescent quantum yield 
The photo-luminescence quantum yield (PLQY) was measured using a custom 
setup. The light source is an Acton Research Corp 75W xenon lamp with an Opti-
Quip 1200 power supply. The monochromater is a Jarrel-Ash M-20, with a slit size 
set to 0.5 mm. A Labsphere RTC-060-SF integration sphere with a center sample 
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mount is used to collect all transmitted, scattered and emitted light from the sample.  
The output from the integration sphere is coupled into a 200 um FT400EMT optical 
fiber (Thorlabs), then into an Acton Research SpectroPro3001 spectrometer with an 
Acton Pixis 100 CCD camera. The detection system’s spectral response was 
calibrated with a Labsphere halogen standard light source IRF G3 (NIST traceable). 
The dark current background collected over a 0.1 s integration time was recorded. The 
reference is taken with just the sample holder in the empty integration sphere as 100% 
transmitted. The sample spectrum was taken at the same condition as the dark and 
reference. The peak area of the transmitted signal was compared with the reference to 
obtain the amount absorbed and the peak area of the emission signal was compared 
with the reference to obtain the amount emitted. The ratio between the emitted and 
absorbed photons was calculated as the apparent PLQY. The setup is shown in Figure 
5.4. 
 
Figure 5.4 Schematic of experimental setup for measuring fluorophore 
photoluminescent quantum yield 
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5.2.5.3 Complex refractive index 
The complex refractive index was obtained using a JAWoolam ellipsometer. 
Samples were prepared on a BOE dipped silicon substrate with a 2 um spacer. Details 
are the same as 4.3.2.3. 
5.2.5.4 Nearfield Scanning Optical Microscopy 
The Nearfield Scanning Optical Microscopy (NSOM) was performed on a 
Witec Alpha300S, with a 532 nm semiconductor laser as the excitation light source. 
The sample is back illuminated and the excitation beam is steered with the inverted 
microscope under the stage. 
5.2.6 IV characterization 
Photovoltaic characterization was performed with a Keithley 2400 
sourcemeter with labview automatic data collection. The illumination source is a 
91192-1000W solar simulator (Oriel) with AM1.5G filter. For silicon solar cells, the 
voltage is swept across a range of -0.5 to 0.6 volts and the current recorded. 
5.3 Results and Discussion 
5.3.1 Quantum rods doped polymer waveguide fabrication 
Due to the small size of the micro solar cells, the LSC thickness should be 
comparable to the cell thickness, which is on the order of tens of microns, typically 
15-30 microns. To achieve good light absorption for such thin film, ie., an optical 
density of ~ 1 across a 30um film, a concentration of 2×10
-4
 M is needed. The 
stability of quantum rods in solution, however, becomes more challenging for high 
concentrations. With organic surface ligand coated nanoparticles in an organic solvent 
such as hexane, the suspension is kinetically stabilized. This requires good solvation 
of the ligand polymer brush in the solvent.  Polymerization, on the other hand, 
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reduces the mixing energy by decreasing the entropy upon polymerization, and makes 
the polymer a poor host for solubilizing nanoparticles. By using a neat monomer as a 
solvent, the quantum rods can be stabilized the same as in a small molecular solvent. 
Upon polymerization, however, the kinetic stabilization is disturbed and quantum rods 
tend to agglomerate and fall out of the uniform dispersion. In order to combat that, the 
rate of polymerization related molecular immobilization, ie., sol-gel transition, needs 
to be very fast compared to the rate of agglomeration of the nanoparticle in the 
polymerizing matrix. By using a higher percentage of bi-functional monomer, it is 
possible to tune the gel point to achieve fast structural formation in the polymerizing 
matrix and thus maintain a uniform distribution kinetically even though it is not 
energetically favored any more. It is found that a high crosslinker concentration, 10% 
+, can still maintain an agglomeration free, and thus scatter free, homogeneous film of 
quantum rods in polymer. The slower thermal cure makes it harder to stabilize the 
dispersion at a low crosslinker concentration, while at high crosslinker concentration 
film stress caused a saddle splay deformation. Due to these disadvantages thermal 
initiation was determined unsuitable and not pursued. 
The film’s mechanical property is dependent on the concentration of 
crosslinkers. The resulting film from the polymerizing monomer has a lot of stress.  A 
high degree of crosslinking results in high rigidity and thus a more brittle film. When 
the film area is large and the film stress is high but the thickness is small, the great 
internal stress can tear the film apart. By tuning down the degree of crosslinking, the 
film becomes susceptible to annealing above the glass transition temperature Tg and 
thus can relieve some of the stress accumulated during polymerization. By changing 
the formulation, it is found that with a reduced concentration of crosslinker, it is easier 
to achieve a flat film by photo cure followed by thermal annealing, and a critical 
127 
 
crosslinker concentration of 2% is needed to form a solid film at after 20 minutes UV 
exposure. 
During the formation of the film, it is necessary to use a relief layer to help 
delaminate the film from the mold surface. A silane compound tridecafluoro-1,1,2,2-
tetrahydrooctyl-1-trichlorosilane (no-stick) was used. For thin films, due to the 
flexibility at those thicknesses, it is necessary to firmly bond the film on the substrate 
to retrain its shape. 3-(Trimethoxysilyl)propyl methacrylate (better-stick) was applied 
to the substrate to promote adhesion. This is especially important when a good contact 
between the solar cell surface and the polymer is needed for effective optical 
coupling. 
To accommodate both mechanical stability and chemical dispersion stability, a 
crosslinker density of 10% was determined through experiments. With this 
composition, a nanoparticle load of as high as 4×10
-4
 M was achieved with a uniform 
nanoparticle distribution. The casted film can be as thick as millimeter size and as thin 
as micron size and remain mechanically sturdy and scattering free, as shown in Figure 
5.5. The TEM of the polymer film shows that the quantum rods are well dispersed in 
the polymer matrix. 
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Figure 5.5 Dispersion of quantum rods in polymer host: (a) a cured 
block of quantum rods doped polymer block of 0.5 mm thick, under 
UV illumination; (b) HRTEM of quantum rods dispersion in cured 
polymer and in monomer before cured (inset). 
5.3.2 Optical properties of fabricated quantum rods doped polymer LSC 
The different concentration quantum rods dispersion in liquid form, shown in 
Figure 5.6a, and the absorption spectra of the cured films, shown in Figure 5.6b, are 
presented and show agglomeration free and thus scattering free quality of dispersion. 
It is possible to ascertain the film quality from this spectrum by concerning scattering 
loss. Since the single pass instrument considers all light absorbed if it does not 
transmit through the sample film and reach the detector, scattering is counted as 
absorption as well. In well prepared sample films, the apparent absorption is low 
throughout the visible wavelength range, showing no agglomeration of quantum rods. 
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The size of the rods themselves will cause scattering in the UV wavelength, which 
shows up in the apparent absorption value as higher than the actual absorption by the 
film. 
 
Figure 5.6 Dispersion of quantum rods in monomer solution at 
different concentrations: (a) solution of dispersion of 0.6 µM, 0.3µM 
and 0.15µM, respectively, showing no sign of scattering; (b) 
absorption spectrum of film casted from solutions in (a), film thickness 
30 microns. 
In the custom integration sphere setup, the Si CCD dark current is measured 
with no light illumination and recorded as D(λ), and the measured signal S(λ) is 
corrected by subtracting this background. The optical fiber throughput and the CCD 
backed spectrometer throughput are all considered in conjunction with the integration 
sphere’s spectral response as one detector side response function. By using a NIST 
traceable standard light source with known spectrum S(λ), and take a spectrum 
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reading from out detector end of the standard light source M(λ), the detector end 
response is obtained as R(λ)=(S(λ)-D(λ)) /M(λ). 
 
Figure 5.7 Measuring PLQY using integration sphere: (a) system 
detection response; (b) reference signal before sample loading; (c) 
readout signal with sample loaded 
When a sample is placed inside the integration sphere in a center mounted 
fashion, the signal from the spectrometer CCD is recorded as raw data spectrum M(λ). 
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The corrected spectrum C(λ) is then obtained by background subtraction and the 
detector end response correction: C(λ)=(M(λ)-D(λ))*D(λ). Figure 5.7 (b) and (c) 
shows the corrected spectra of multiple incidence wavelengths, for reference and 
sample signal. 
In the corrected spectra, the peak area of the reference, Ar, and of the sample at 
excitation wavelength, Ax, can be used to calculate absorption A, 
 rxr AAAA /)( −=  (5-1) 
The peak area of emission, Ae, taken at the emission wavelength of the sample 
spectra can be used to calculate PLQY. The apparent PLQY can be calculated as 
 )/( xre
obs
f AAA −=φ  (5-2) 
An ideal integrating sphere measures all light that is not absorbed by the 
sample. So incident light will have chance to pass through the sample multiple times, 
thus the apparent absorption value cannot be simply used to determine sample 
thickness or optical density. The apparent absorption value will be larger than the 
conventional single pass absorption spectrum, and this effect is more pronounced at 
wavelengths with low absorption than at wavelengths with high absorption. 
Depending on the size and condition of the integrating sphere, this effect is specific to 
each particular integrating sphere. In addition, different from single pass spectrometer, 
the integrating sphere with a center sample mount counts scattering as transmission, 
thus for the quantum-rod doped polymer sample, due to scattering, the apparent 
absorption in the UV region is lower than that measured using conventional UV-vis 
spectroscopy. These effects are as shown in Figure 5.8. 
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Figure 5.8 Comparing spectra measured from integration sphere and 
conventional single pass spectrometer: integration sphere, single pass 
absorption spectrometer with straight beam path, excitation spectrum 
collected from 90 degree beam path, and non-wavelength specific 
integration sphere 
Since the integration sphere measures the spectrum after multiple bounces, the 
measured spectrum is altered from the true spectrum due to amplified self-absorption. 
At the dilute limit, the measured spectrum approaches that of the true spectrum. Ahn 
et al addressed this issue by comparing the spectrum of samples with different 
concentration, including a very dilute sample, taken with an integrating sphere[88]. 
By multiplying the dilute sample spectrum to match the higher concentration samples 
at the red tail, as shown in Figure 5.9, an ‘a’ factor can be calculated by taking the 
ratio of the area of the dilute limit and the higher concentration samples. The true 
quantum yield is then calculated from the apparent quantum yield by  
 obs
f
obs
f
f
aa φ
φ
φ
⋅+−
=
1
 (5-3) 
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Figure 5.9 Emission spectrum measured from integration sphere for 
samples of cured polymer film of different quantum rod concentration: 
(a) as measured data (b) after multiplying by a factor to match red end 
of the spectra for all concentration 
The PLQY measured from the integration sphere method is plotted as a 
function of excitation wavelength and is shown in Figure 5.10. The quantum yield is 
dependent on the excitation wavelength due to the heterojunction of the type I band 
alignment of the CdSe/CdS material system. The quantum yield is around 50-80% for 
excitation wavelengths rangeing from 350-540 nm. 
The excitation wavelength dependent quantum yield of the quantum-rod 
doped polymer shows  different results than the same measurement performed on the 
DCM laser dye in polymer film, as shown in Figure 4.5. The DCM dye doped 
polymer sample shows a flat PLQY though the tested excitation wavelength. The 
reason could be that the band structure of the heterojunction of the CdSe/CdS material 
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favors energy transfer of excitons of certain energy levels, with efficiency higher at 
that close to the CdSe core exciton energy. The observed increase as the wavelength 
gets closer to the CdSe exciton peak might be due to this reason. 
 
Figure 5.10 Photo luminescent quantum yield of quantum rod 
dispersed in solid P(LMA-co-EDGMA) 
5.3.3 Solar cell power output enhancement with LSC 
A Si micro solar cell module was fabricated and integrated with the quantum 
rods LSC. A fabricated device is shown in Figure 5.11a. Solar cells can be printed and 
integrated with such LSC at different cell spacings, as indicated in the graph. The 
solar cells used are 100 um wide, 1.5 mm long and 30 µm thick. The quantum rods 
doped LSC size is 5 cm wide, 5 cm long, and 30 um thick on a 1 mm thick quartz 
substrate. The film absorption is 1, or 90%, as shown in Figure 5.11b. 
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Figure 5.11 Quantum rod doped polymer luminescent solar 
concentrator with embedded silicon micro solar cell: (a) photograph of 
device of 5cmx5cm; (b) optical density of device in (a). 
To study the LSC size dependent photo current enhancement due to quantum-
rod doped LSC, a single cell module was fabricated and tested with a tunable aperture 
above the sample to restrict the illumination from the solar simulator. The measuring 
setup is shown in Figure 5.12a. The aperture size was varied while the same sample 
was probed. The measured I-V characteristic curve shows good fill factor indicating 
satisfactory electronic performance and the photo current increases monotonously 
with increasing aperture size, as shown in Figure 5.12b. Due to the non-ideal matrix, 
the absorption of the LSC polymer matrix will eventually bring the enhancement from 
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the LSC to a plateau, which is on the order of 1/α, α being the background matrix 
absorption. A typical value for a methacrylate polymer is on the order of 0.3dB/m, so 
this length scale is on the order of 1×10
4
 mm. Practically, however, this enhancement 
diminishing characteristic length is much shorter due to other mechanism such as 
fluorophore self-absorption, fluorophore re-absorption/re-emission, and non-ideal 
surface scattering, with the first two being most dramatic. The observed long range 
increase shows minimal self-absorption, which is consistent with our original 
proposal to use these quantum rods as a LSC luminophore. 
 
Figure 5.12 I-V characterization of quantum rod doped polymer LSC 
with embedded silicon micro cells: (a) photograph of experimental 
condition: variable aperture under simulated AM1.5G, LSC 5cmx5cm 
of 30 µm polymer film on 1 mm quartz substrate; (b) I-V curve for 
LSC device in (a) with different back side reflector (BSR); (c) 
photocurrent normalized to single cell no LSC photocurrent as a 
function of aperture area, on a non-reflective surface; (d) photocurrent 
normalized to single cell no LSC photocurrent as a function of aperture 
area, on a high reflective Spectralon diffuse reflector. 
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The absolute enhancement, however, is low relative to the DCM doped LSC at 
the same concentration. The culprit stems from the relatively narrow absorption 
wavelength range and the corresponding low spectral irradiance within the solar 
spectrum to which the solar cell is responsive. This enhancement can be greater for a 
higher than silicon band gap semiconductor solar cell, such as a GaAs solar cell, 
because the portion of the solar spectrum that GaAs responds to is smaller and thus 
the portion resulting from the LSC can be higher.  Additionally, the quantum rod 
emission is better matched to a higher band gap material. 
Ideally, the fluorophore emission should be slightly bluer than the solar cell 
band edge emission to provide the best energy match. A stack of such LSC layers can 
be implemented in a manner similar to multi-junction tandem solar cells. Another 
approach is to use a pair of materials with lower band gap, such as PbSe/PbS core 
shell structure, so that the shell material can absorb a large percentage of the solar 
irradiation, yet still maintain the large Stokes shift. 
5.3.4 Figure of merit of quantum rod doped LSC 
To quantatively gauge the performance of the LSC, a set of figures of merit 
needs to be defined. For a module of area mA , and cell area cA , one can define 
geometric gain as cm AAG /= . With LSCcm AAA += , cLSCg AAG /1+= . The photon 
flux on the module and directly on the cell are solarmm IA ⋅=φ and solarcc IA ⋅=φ  
respectively with solarI  being the incident solar intensity, the relation LSCcm φφφ +=  
naturally follows from the above. Part of the flux incident on the LSC is converted 
and contributes to the cell, with an efficiency LSCη , then the flux on the cell  including 
direct solar incidence and LSC contributions becomes LSCLSCctotalc ηφφφ ⋅+=_ . One 
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can define a flux gain, or concentration ratio, as cLSCLSCctotalcfG φφηφφ /1/_ ⋅+==  
and 1/ −== g
c
LSC
cLSC GA
Aφφ , for our specific solar concentrator, flux gain is 
 )1(1 −+= gLSCf GG η  (5-4) 
For our particular geometry LSC, the LSC efficiency is then 
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η  (5-5) 
with the geometric gain as a directly calculable geometric factor, and fG measurable 
from experiment from the cell power converting efficiency. The cell output power is 
related to the photon flux by φη=P . Under a low concentration ratio, cell efficiency, 
cη , is approximately constant at different illumination levels and thus the cell output 
power is linear with photon flux. One can then deduce that 
 cfccfctotalcm PGGP ⋅=⋅⋅== ηφηφ _  (5-6) 
where mP is module power output, and cP  is single cell power output without any light 
trapping mechanism. The concentration ratio, or photon flux gain can then be 
experimentally determined as  
 cmf PPG /=  (5-7) 
By such definitions, the LSC efficiency is not defined at LSC area of 0, as that 
become a 0/0 situation. The physical picture of such a situation is that the whole 
module area is the cell area so the LSC can be defined as the cell efficiency cη  for 
convenience. 
As the geometric gain increases, the enhancement also increases, but 
eventually reaches a plateau determined by smallest loss mechanism, most likely, the 
matrix absorption.  This plateau value is defined as the asymptotic enhancement, as 
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any further increase in the area of the LSC won’t contribute any more to the observed  
solar cell performance, thus it is the enhancement for an infinitely big LSC. The 
output power enhancement, proportional to the photon flux enhancement, or 
concentration ratio, should show a plateau value at large enough geometric gain, ie., 
the asymptotic enhancement. Pick 90% of asymptotic value 90−fG , and the 
corresponding geometric gain 90−gG , as the figure of merit to gauge ultimate power 
enhancement. The experiment with aperture sizes up to 2.5 cm did not show a plateau, 
as seen in Figure 5.12 (c) and (d), which means the 90% asymptotic value geometric 
gain is larger than 2.5 cm at least.  
The module efficiency, mη , is the module output power divided by module 
area is a function of aperture size, 
 
g
f
c
gc
fc
mmm
G
G
GA
GP
AP ηη =
⋅
⋅
== /  (5-8) 
There are two competing functions in the module efficiency, one being the 
enhancement which monotonously increases and one being the gG1  which 
monotonically decreases. The module efficiency, being the product of the two 
functions, would have a shape that either assumes one of the two trends or changes 
with a local maximum, depending on the strength of the two functions. The module 
efficiency vs. geometric gain is shown in Figure 5.13a. Since the increment in 
absolute enhancement is small due to the small wavelength range of absorption of the 
quantum rods, the overall behavior of the module efficiency is monotonically 
decreasing. The same trend holds for the LSC efficiency as shown in Figure 5.13b, 
but there still exists a point of deflection that marks the accelerated decrease in the 
LSC efficiency that can be determined as the optimal geometric gain compromising 
the larger aperture disadvantage and higher enhancement at large geometric gain. This 
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value is around 500 geometric gain for the current quantum-rod LSC system. At this 
geometric gain, the LSC efficiency is 0.07%. In published literature, figure of merits 
similar to our definition of LSCη , are sometimes ambiguous, as only a value of 
collection efficiency is mentioned without addressing at what geometric gain that 
value is obtained. Since the collection efficiency value can be, and for most LSC 
systems is, a monotonically decreasing function with a deflection, it is important to 
compare the collection efficiency at a widely accepted specific geometric value, for 
example, the deflection point, denoting as DLSC _η .  Currie et al’s FRET based LSC 
study [76] did not reach a geometric gain large enough to see this deflection point, 
and reported a value between 0.4 and 0.2 for geometric gain less than 50, under 
monochromatic illumination at 534 nm. Without knowing the spectral enhancement 
under the solar spectrum as was performed in this work, a direct comparison is not 
possible.  
It is worth noting that there is a value of geometric gain after which the photon 
flux enhancement increases with a constant slope while the geometric gain increases. 
If one takes the derivative of the photon flux enhancement with respect to the 
geometric gain, as shown in Figure 5.12(c) and (d) one can see a small, but constant 
flux gain per unit area. This means that without consideration of module’s large area, 
one can achieve a very high total output power from the cell if the LSC is made very 
large, as there is no plateau in the power enhancement as the geometric gain is 
increased. This increase in output power will eventually plateau as the other loss 
mechanisms become significant, here for example, the matrix loss, has a length scale 
of approximately half a meter for a typical 0.3dB/m material. For the micro solar cell 
devices that are concerned in this work, the length scale on the order of a meter is not 
practical and does not utilize the geometric benefit in reducing self-absorption of 
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LSC, but this study shows that the quantum rods under investigation here can be a 
good candidate for a conventional large scale slab LSC. 
 
Figure 5.13 Concentrator effectiveness figure of merits of quantum 
rods doped LSC (0.3µM) of 30 µm on 1 mm quartz substrate: (a) LSC 
with embedded micro solar cell module efficiency; (b) concentrator 
efficiency; (c) 1
st
 order derivative of (b), on diffusive reflector 
(Spectralon material) 
As was discussed in earlier section, the low value of EQE obtainable in the 
quantum rod system is mainly from the narrow band absorption compared to the 
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broad band silicon absorption and solar spectrum.  It can be speculated that GaAs 
would be a more suited cell to couple into this LSC. Without considering the 
practicality of making the cell, the 580 nm emission of the quantum rods is more 
suited to a CdSe bulk solar cell. 
A hypothetical quantum dot material made of PbS but rather than emitting at 
its typical exciton wavelength, emitting into 1000 nm can be speculated as an ideal 
fluorophore in LSC with Si cells. This gives a much higher LSC efficiency. However, 
the fact that blue photons are converted into red photons means the loss of the system 
free energy during this process, in addition to the non-unity quantum yield of 
emission. As current solar cells can’t use the higher energy anyway, the possibility of 
higher than 100% photoluminescent quantum yield for the higher energy wavelengths 
will boost the LSC efficiency to higher value, potentially higher than using the solar 
cells directly. But without this multi-photon emission, the hyperthetical PbS  quantum 
dots with Si is the upper limit of what’s possible in terms of LSC efficiency of solar 
cell modules. 
5.4 Conclusion 
CdSe seeded CdS heterojunction quantum rods were investigated as potential 
candidates for luminescent solar concentrator fluorophore. A protocol of 
incorporating the quantum material into a polymer uniformly and scatter free at a high 
nanoparticle load was developed. A flat film LSC integrated with Si solar cells was 
fabricated and characterized. The high photoluminescence quantum yield and the 
large separation between the absorption and emission wavelengths made it superior 
candidate as the former minimizes self-absorption and the latter reduces re-emission 
induced waveguide loss, which led to a solar concentrator capable of high geometric 
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gain. The efficiency of the quantum LSC device is low due to the narrow absorption 
range of the quantum rods. Quantum-rod doped LSC integrated with a more broad-
band absorption is proposed to further increase the LSC performance. 
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CHAPTER 6   
CONCLUDING REMARKS 
Using the material advancement of flexible electronics based on crystalline 
miniature devices made of semiconductor materials, the aspects of micro solar cells 
were investigated, and the light trapping using a planarization waveguide, micro lens 
array concentration, and luminescent concentrations with organic dye and with 
advanced semiconductor quantum rods were studied.  
The miniature device size has provided insights into dimensions that were not 
accessible in conventional sized solar cells. To achieve the same concentration ratio 
as a traditional PV with a geometric concentrator, the micro solar cells with micro 
lens array provide a sleeker form factor with simpler, cheaper, and more 
manufacturable optics which reduce the cost for solar tracking.  It is to be admitted 
though, that although the same concentration ratio can be achieved with a much 
smaller area concentrator optics and solar cell, the power output per unit area of real 
estate is not changed. Rather than having one big bulk concentrator module, now with 
the micro solar cell array and concentrator, we require many of them. Ultimately we 
are still working with the flux density the sun delivers to the earth surface. This 
reduction in the size of each piece, however, provides flexibility and cost reduction in 
installation and tracking management. 
The same argument holds true for the luminescent solar concentrator. 
Although the solar cell device can be small, to achieve the same power output, the 
total area of the LSC needs to be large. With the advantage of a micro solar cell 
capable of being distributed into the LSC, dimensions on the order of a millimeter can 
be accessed to achieve optimal optical flux gain, while a millimeter sized LSC for a 
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typical centimeter sized solar cell is incommensurate. This case was studied and 
showcased in the organic dye LSC section of this work. A power output enhancement 
of 320% was demonstrated with a LSC device on the order of a couple millimeters, 
arranged in an array that utilized the benefit of being in close proximity while still 
achieving a large area by making micro solar cell array module. 
With the development of the quantum rods LSC, the total possible area is 
increased as the LSC concentration ratio does not saturate quickly due to the large 
Stokes shift reducing self-absorption. The LSC for a micro cell array can still be a 
micro concentrator, but it is not limited to the micro scale and can be a macro 
concentrator as well depending on the desired concentration ratio and power output. 
A numerical modeling software package was developed, with experimental 
validation and predictions matching experimental results. Key parameters affecting 
LSC performance are identified and each investigated for their contribution. It is 
found that the matrix absorption loss, including the dye self-absorption and matrix 
host absorption determines the ultimate concentration ratio, and the dye self-
absorption plays a dominant role. By way of geometric ray tracing, it is concluded 
that to achieve higher optical flux gain, large Stokes shift is required, agreeing with 
previously developed theory according to thermodynamics by E. Yablonovitch.[15] 
In addition to what was investigated in this work, there are additional aspects 
that could be explored to further optimize the system.  The micro solar cells studied in 
this work were silicon solar cells. It is possible to achieve higher efficiency both from 
the micro solar cell itself and the concentrators, by using a higher efficiency material 
such as GaAs.  For a high concentration ratio especially, the quality of the solar cell is 
more important.  For a low concentration ratio, silicon PV is good candidate. 3D 
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construction should be examined to produce concentrators of low concentration ratio 
but with a large acceptance angle to eliminate the need for tracking.  
Intrinsically, the core of the simulation code developed for LSC modeling is to 
treat photon recycling in active media. While in this dissertation work, the simulation 
is used to aid design of LSC and understand the light concentration problem on the 
edge of LSC, the same principle can be used to calculate phosphor behavior in LED, 
and LED light extraction itself, with slight modification. Since the same physics 
governs photovoltaic and electroluminescence, light trapping in photovoltaic cell can 
be explored with simulation as well. 
Another area of improvement is the micro solar cell device itself. The 
efficiency of the silicon micro solar cell achieved in this work is only 6%, which is far 
from the empirical material posed limit [89], or the achieved highest efficiency for 
bulk solar cells[7]. Optimization of the cell design, surface passivation, and doping 
profiles can potentially improve the efficiency of the micro solar cells.  
For the luminescent solar concentrator using quantum rods, there are great 
opportunities to explore other fluorophores that will cover a broader spectral range 
than the CdSe/CdS structure, yet still maintain a large Stokes shift.  One possible pair 
of materials is PbSe/PdS.  Current materials that absorb in the visible and emit in the 
NIR all suffer from stability issues.  With advancements in this area possible in the 
future, a LSC using more optimized quantum dots could achieve large improvements 
in collector efficiency. 
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